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PREFACE 


URING the years 1920-23 I delivered three times in this college a 
ibe of eight lectures on the Physics of the Earth’s Interior. The 
course was intended to give an outline of present knowledge concerning 
what may be called the major problems of geology, namely the physical 
constitution of the earth, the causes of mountain formation, and the 
nature of isostasy. It was, however, impossible to give in the lectures full 
accounts of the arguments employed, partly because the course was too 
short, and partly because the mathematical knowledge of the listeners 
was extremely varied. Accordingly this book has been written; the argu- 
ment has been made as connected as appeared possible, and various geo- 
physical topics that could not be discussed in the lectures, such as the 
variation of latitude, have been introduced. The aim has been to discuss 
the theories of the main problems of geophysics, and to exhibit their 
interrelations. Several large branches have, however, been almost entirely 
omitted ; terrestrial magnetism, atmospheric electricity, tidal theory (apart 
from tidal friction) and meteorology have received little or no attention, 
because to give anything approaching an adequate account of any of them 
would have required a longer discussion than their connexion with the 
original topics of the book seemed to warrant. 

I have attempted to describe the present position of the subject, rather 
than its history. For this reason several pieces of work of capital importance 
in the development of geophysics have escaped mention. Lord Kelvin’s 
estimate of the rigidity of the earth from its tidal yielding is a case in 
point; it has not been discussed because more detailed and definite in- 
formation can now be derived from seismology. Sir G. H. Darwin’s pioneer 
work on tidal friction, again, has been only outlined, because it was mainly 
a discussion of bodily tides in 2 homogeneous earth, which now appear to 
be comparatively unimportant in influencing the evolution of the earth 
and moon. Nevertheless if the contents of the second volume of Darwin’s 
collected papers had not been published, it is improbable that Chapters ITI 
and XIV of this book would have been written. 

Quantitative comparison of theory with fact has always been the main 
object of the book, and practically all the theories advocated have survived 
the test of quantitative application to several phenomena. Accurate 
theories have been given where they seemed necessary for this purpose; 
but where an estimate of an order of magnitude was all that was required, 
and could be obtained by rough methods, such methods have always been 
used. I have been encouraged in the latter course by several facts. First, 
though the method of orders of magnitude is not convincing to the pure 
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mathematician, it is a matter of experience that when a problem discussed 
by this method is afterwards solved by more formal methods, the answer 
is found to be of the correct order of magnitude, which is all that the 
method claims; it could be vitiated only by a fortuitous numerical 
coincidence. Second, though in some cases formally accurate solutions 
of related problems exist, or could be obtained, the problems actually so 
soluble differ so much from those that actually arise in geophysics that, in 
their actual application, they could at best be correct only as regards order 
of magnitude. Thus they are not inherently any more informative than 
the rougher methods. Third, a direct proof that a particular hypothesis 
will account for particular data is not very strong confirmation of the 
hypothesis when both the data and the consequences of the hypothesis 
are known only vaguely ; but if it is shown that the results of the hypothesis 
agree with the facts as regards order of magnitude, while the results of 
denying it are in definite disagreement, the confirmation of the hypothesis 
will be almost as strong as if a close agreement had been obtained. The 
method of exhaustion of alternatives is specially useful in geophysics, 
because incorrect geophysical hypotheses usually fail by extremely large 
margins. ; 

Two criticisms are certain to be made by geologists, and therefore I ven- 
ture to attempt to meet them in advance. The first is that the book contains 
a great deal of matter not of a geophysical character. I thought at first of 
avoiding this objection by dividing the book into two parts, one cosmo- 
gonical and one geophysical; but I found such a course impossible, since 
the two were too closely interwoven, each depending in part on the results 
of the other. In a work mainly theoretical rather than descriptive in 
character it therefore seemed best to develop the implications of a hypo- 
thesis wherever they might lead to results capable of empirical test, 
rather than to confine my attention to one particular planet. If a theory 
is satisfactory, the more it is shown to explain the more reliable it is; and 
if it is unsound, it will be unsound whether the fact inconsistent with it 
happens to relate to the earth or to the satellites of Uranus. 

The other objection I anticipate is that the book is too mathematical 
for geological readers. The answer is simple: the results aimed at are quan- 
titative, and there is no way of obtaining quantitative results without 
mathematics. I have tried to keep the mathematics as elementary as 
possible; but some problems could not be handled by simple mathematics, 
and I had no alternative except to give all that was necessary. If the 
geologist cannot follow a part of the book, I hope he will omit it and go on 
to the next non-mathematical passage, trusting that someone else will 
point out any intervening mistakes (and the mathematically trained 
readers, with few exceptions, will do just the same). He will then know 
that at any rate some people will be able to follow the argument all 
through, and he will see just where he fails to follow it himself; whereas 
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a so-called non-mathematical “exposition” would only bewilder the mathe- 
matical physicist, while making it impossible for the geologist to see how 
much is hypothesis and how much is merely the systematic investigation 
of the consequences of hypotheses already made and data already found. 
In short, if geophysics requires mathematics for its treatment, it is the 
earth that is responsible, not the geophysicist. 

The paragraphs are numbered according to the decimal system; of any 
two paragraphs, that with the smaller number comes earlier in the book. 
The integral part of a paragraph number is the number of the chapter. 
Equations have as a rule been numbered consecutively through each para- 
graph; but in some cases they have been numbered consecutively through 
several closely related paragraphs. In cross-references; where reference 
is made to another equation in the same paragraph, only the number of the 
equation is given; but where the reference is to a different paragraph, the 
numbers of that paragraph and of the equation are given; e.g. 14-61 (3). 

I wish to express my thanks to the staff of the Cambridge University 
Press for their courtesy during the publication of this book; to Mr R. 
Stoneley, who has read the whole in proof and checked a great deal of the 
mathematical work, suggesting many improvements in the process; to 
Dr J. H. Jeans, who verified Chapter IX; to Dr A. A. Griffith, who gave 
me much of the information incorporated in Chapter XI, though he does 
not wholly approve of my terminology; to Dr Arthur Holmes, whose 
influence on my geophysical thought has been none the less important 
because I experienced it before beginning this book; and to Sir Ernest 
Rutherford, Prof. Eddington, Prof. Shapley, and Dr Wrinch, who have 
read various portions in typescript and suggested improvements. 


HAROLD JEFFREYS 


St JoHn’s COLLEGE 
CAMBRIDGE 


1924 March 6 


PREFACE TO THE SECOND EDITION 


NEW edition of this work must begin with an expression of thanks 

to numerous reviewers for their kind notices of the first, and to the 
correspondents that have suggested emendations of it. The latter are, 
I fear, too many to be thanked individually. 

The revision has required the rewriting and rearrangement of a large 
part of the book. Seismology, which occupied a somewhat subordinate 
place, has had to be much expanded, mainly as a result of important 
work done on the Continent between 1907 and 1916, which only came to 
my notice after the publication of the first edition. The other alterations 
have arisen in an attempt to keep up with the growth of the subject during 
the last four years. Eddington’s revised theory of stellar constitution has 
led to some quantitative changes in the account of the early history of the 
planets; recent developments in seismology, in the study of both near 
earthquakes, surface waves, and the bodily waves from distant earth- 
quakes, have made it possible to go into much more detail about the 
structure of the earth. It has also become possible to be much more definite 
than before about the nature and degree of isostatic compensation. More 
attention has been given to the bodily tide, which proved to supply an 
essential datum concerning the mechanics of the interior, a datum that 
seismology had shown to be required, but had not itself supplied. The 
account of the earth’s thermal history has been recast. The portions with 
geological applications have been placed together in Chapter XV, and 
considerably expanded, 

The gist of the papers awarded the Adams Prize of the University of 
Cambridge in 1927 has been included. As the papers have all appeared 
in well-known journals complete republication was thought unnecessary. 
The present revision was done in April to June 1928, but it has in some 
cases been possible to refer to later work in passages added during passage 
through the press. 

Thanks are again due to the staff of the Cambridge University Press 
for their care and consideration during publication, and to Mr R. Stoneley 
and Prof. A. Holmes for valuable criticisms and assistance in proof- 
correction. Acknowledgments for information and other help have as 
far as possible been indicated in the text. Prof. R. A. Daly has also placed 
me under special indebtedness by directing my attention to new aspects 
of problems under discussion. Dr ©. E. Tilley has kindly checked the 
information at the beginning of Chapter VI. 


HAROLD JEFFREYS 


St JOHN’sS COLLEGE 
CAMBRIDGE 


1928 
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INTRODUCTION 


“T am doing the best I can at my age.” 
G. B. SHaw, Preface to Back to Methuselah. 


Pe special difficulty of the problem of the physics of the earth’s interior 
arises from the extremely restricted range, both of depth and of time, 
for which any direct evidence is available. The deepest boring yet made is 
one of 2-5 km., and there are few over a kilometre in depth; mines are 
still shallower; and apart from borings and mines the only accessible parts 
of the crust are those exposed in quarries and cliffs, and the land surface 
itself. Samples of material from greater depths are continually being 
brought up to the surface, but the possibility of utilizing any information 
they may give us is seriously hampered by the fact that we know only 
vaguely from what depths they have come and to what extent their 
temperature and even their chemical constitution have been altered in 
their ascent. In addition, all observations of earthquakes and all observa- 
tions of topography and gravity have to be made at the surface or near it. 
Thus the problem of the physics of the earth’s interior is to make physical 
inferences over a range of depth of over 6000 km. from data determined 
only for a range of 2 km. at the outside. 

Extrapolation over such a range can be carried out only if we have 
some extremely reliable scientific laws, well verified in the laboratory and 
the observatory, to guide us in our investigation. Fortunately this is the 
case. Considerable headway can be made by means of such laws as those 
of gravitation, heat conduction, radioactive disintegration, elasticity, and 
fluid friction, all of which are well established. It is naturally impossible 
to proceed far in such a subject without introducing, besides known laws 
and empirical data, some ad hoc assumptions. The number of these has to 
be restricted as severely as possible; the justification of any hypothesis 
lies in its ability to coordinate otherwise unrelated facts, and hypotheses 
that do not explain more than they assume should be omitted. 

In many questions relating to the interior of the earth some knowledge 
of its thermal state is indispensable. There is no direct method of arriving 
at this knowledge; but we may make use of the laws of heat conduction 
to arrive at it indirectly. Given the distribution of temperature in a solid 
at any instant, and the thermal conductivity, it is possible to find the 
distribution at any subsequent instant, and therefore if we know the 
thermal conditions inside the earth at some past date it should be possible, 
given sufficient mathematical labour, to find those of the present time. 
We have not such knowledge for any historical date, but we can find it 
for the time when the earth was first formed, by making use of the modern 
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theories of the origin of the solar system. It is therefore necessary to give 
first of all an account of the evidence in favour of these theories; but in 
so doing we must make use of information relating to the other members 
of the solar system besides the earth. It is found that the theory finally 
selected as the most satisfactory gives fairly definite information about 
the initial thermal state of the earth, which we can use in determining its 
subsequent history. 

The thermal history of the earth is influenced not only by the initial 
distribution of temperature, but also by radioactive substances in the 
crust, which are responsible at the present time for the greater part of 
the heat that is continually being conducted up to the surface and finally 
radiated away. It is therefore necessary to make a great deal of use of the 
information supplied by geologists concerning radioactivity in rocks, 
especially in relation to the age of the older rocks and the present thermal 
output. The thermal history in its turn supplies information about the 
elastic properties of the interior of the earth and about the deformations set 
up by contraction and other disturbing factors. In this way it is found 
possible to give a coherent account of the dynamics of isostasy, in relation 
to the support of both continents and mountains. 

We wish, then, to arrive at a decision concerning the primitive state 
of the earth in order to utilize it in an account of the subsequent history 
and of the present physical condition. The chief questions to be dealt 
with are first, whether the earth was ever mostly fluid, or whether it has 
always been solid throughout, and cool near the surface; and second, 
if it be granted that it was ever fluid, to form some conception of the 
manner of solidification and the physical conditions just after solidification. 
A direct answer to either of these questions requires a discussion of the 
origin of the earth, concerning which numerous conflicting hypotheses 
have been propounded. A stage in the development of cosmogony has, 
however, now been reached in which both points can be decided with a 
high degree of probability. 

Practically all hypotheses regarding the origin of the solar system agree 
in supposing the sun and the planets to have formerly formed a single 
mass; they differ in the processes supposed to have led to the separation 
of the mass into many parts and in the subsequent evolution of the 
planets. Most of the hypotheses may be divided into two main groups, 
which may be called the Rotational and Tidal types. In the rotational 
type the rupture is supposed to have arisen through the speed of rotation 
increasing, as the mass condensed, to such an extent that gravity ceased 
to be adequate to hold it together. In the discussion of this type the 
leading investigators have been Laplace, Babinet, Roche, Moulton and 
Jeans. In the tidal type a star larger than the sun is supposed to have 
come close to the sun and practically torn it asunder by its tidal action. 
A hypothesis resembling this was advanced by Buffon, but fell out of 
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favour after the criticisms of Laplace. Its modern development was due 
in the first place to Chamberlin and Moulton; but several features of their 
formulation have been found unsatisfactory by the present writer, who 
has therefore attempted to reconstruct the theory entirely from the time 
of the rupture. At the same time Jeans has carried out a comprehensive 
and general dynamical discussion of the possible methods of break-up of 
fluid masses, and has developed in it an account of the processes concerned 
in the formation of a system by tidal action. The theory he has reached 
bears a close resemblance to mine, the agreement being especially striking 
since the two methods of attack are quite different. The theory adopted 
in this work will be of the tidal type, and based on a comparison of those 
already advanced by Jeans and myself. It is not, however, possible to 
give an adequate statement of the reasons for adopting this particular 
theory without first giving some account of the advantages and drawbacks | 
of the earlier theories of the origin of the solar system. Descriptions will 
therefore be given of the two chief theories that preceded the present one, 
namely the Nebular Hypothesis of Laplace and Roche, and the Planetesimal 
Hypothesis of Chamberlin and Moulton. It has, however, been found more 
convenient to treat the latter in an Appendix than to place it in its proper 
historical position, which would have been immediately after the Laplacian 
theory. 

The tidal theory of the origin of the solar system leads directly to the 
inference that the earth was formerly fluid, and hence to an account of 
its method of solidification and of the distribution of temperature imme- 
diately afterwards. The age of the earth and the amount of radioactive 
matter near the surface are found from modern information about radio- 
activity in rocks. In former works on the earth’s thermal history since 
solidification it was good enough to proceed by means of simplifying 
hypotheses about the vertical distribution of radioactivity; but the in- 
formation provided by modern seismology enables us now to go into 
greater detail. Seismology, with the information it gives concerning the 
mechanical properties of the earth all the way to the centre, is therefore 
discussed immediately after the age of the earth. The results are then 
combined for the discussion of the thermal history and incidentally the 
present distribution of temperature. It is shown that the observed 
phenomena of mountain building and isostasy are substantially what 
would be expected from this work. The evidence supplied by the figures 
of the earth and moon, tidal friction, the bodily tide, and the variation 
of latitude is discussed in other chapters. 

Some topics of geophysical interest, though outside the main argument 
of the book, are discussed in appendices. These are the Planetesimal 
Theory, Jeans’s Theory (points not discussed in Chapter II), the 
Relation of Geophysics to Geology, Theories of Glaciation, and Empirical 
Periodicities. 
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The main purpose of the book is to show how far the various modes 
of attack on the problems of geophysics have led to harmonious results. 
Accordingly information from many widely separated fields has had to 
be collected. Probably the range of the subjects discussed is so wide that 
nobody could possess a specialist’s knowledge of all; I am quite certain 
that neither I nor anybody else possesses such knowledge at present. 
Imperfections are therefore unavoidable. Nevertheless I think that geo- 
physics has suffered in the past from the lack of any systematic attempt 
to coordinate its various branches, and that many wild theories might 
have remained unpublished or, if published, have received only their fair 
share of attention, had it been possible to see at once how far they con- 
flicted with the data of related branches of the subject. If therefore this 
book fails, as it must, to instruct the specialist in the data of his own 
subject, but sometimes enables him to check a hypothesis by means not 
only of his own data, but by some of those of related subjects, it will 
have served its purpose. Geophysics is no longer a field for uncontrolled 
speculation ; it is a single science whose data are harmoniously coordinated 
by a definite physical theory, and any theory that contradicts this one 
must be shown to coordinate all these data equally satisfactorily before it 
can be accepted. 


CHAPTER I 
The Nebular Hypothesis of Laplace 


“Though the mills of God grind slowly, yet they 
grind exceeding small.” LONGFELLOW. 


1:1, Laplace’s Account of the Nebular Hypothesis. The Nebular Hypo- 
thesis is usually attributed to Laplace, but the account of it given by him 
was exceedingly vague, no quantitative discussion whatever being included. 
It occurred in a semi-popular work, entitled Hxposition du systéme du 
monde, the second edition of which was published in the seventh year of 
the French Revolution. The following account is a translation of that 
given by Laplace in the sixth chapter of the fifth book of this work: 


Let us now pause to consider the arrangement of the solar system and its 
relations to the stars. The immense globe of the sun, the focus of the planetary 
movements, turns on its axis in twenty-five and a half days. Its surface is 
covered by an ocean of luminous matter whose active effervescences form 
variable spots, often very numerous, and sometimes larger than the earth. 
Above this ocean, a vast atmosphere rises; it is beyond it that the planets, with 
their satellites, move in almost circular orbits, in planes slightly inclined to the 
solar equator. Countless comets, after approaching the sun, depart to distances 
that prove that its empire extends much further than the known limits of the 
planetary system. Not only does the sun attract all these globes, leading them 
to move around itself, but also it sheds on them its light and its heat. Its 
beneficent action produces the growth of animals and plants on the earth, and 
analogy leads us to think that it produces similar effects on the planets; for it 
is not natural to think that the matter whose fertility we see developed in so 
many ways is sterile on so great a planet as Jupiter, which, like the terrestrial 
globe, has its days, its nights, and its years, and on which changes implying 
very vigorous activity are indicated by observation. Man, made for the tem- 
perature he enjoys on the earth, could not, to all appearance, live on the other 
planets; but must there not be endless organisms adapted to the various 
temperatures of the globes of this system? If the difference of elements and 
climates alone can make such variety in terrestrial productions, how much 
more must those of the various planets and their satellites differ? The most 
lively imagination can form no idea, but their existence is very probable. 

Although the elements of the system of the planets are arbitrary, there are 
nevertheless very remarkable relations between them that may enlighten us 
with regard to their origin. It is astonishing to see that all the planets move 
around the sun from west to east, and almost in the same plane; all the satellites 
move around their primaries in the same direction and almost in the same plane 
as the planets; and finally, the sun, the planets and the satellites whose rotations 
have been observed turn on their axes in the same direction, and nearly in the 
plane of their revolutions in their orbits. 

So extraordinary a phenomenon is not the result of chance; it indicates that 
a general cause has determined all these movements. To find approximately 
the probability with which this cause is indicated, we observe that the planetary 
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system as we know it to-day is composed of seven planets and eighteen satellites ; 
the rotations of the sun, five planets, the moon, the satellites of Jupiter, Saturn’s 
ring, and its most remote satellite, have also been observed. These movements 
together form a set of thirty-eight movements in the same direction, at least 
when one refers them to the plane of the solar equator, to which it seems natural 
to compare them. If we consider the plane of any direct movement, lying at 
first upon the plane of the sun’s equator, and then becoming inclined to this 
last plane, and traversing all the degrees of inclination from zero to two right 
angles, it is clear that the movement will be direct for all inclinations less than 
aright angle and retrograde for greater inclinations. Thus all motions, direct and 
retrograde, can be represented by a change in inclination alone. The solar 
system, looked at from this point of view, offers then thirty-seven movements 
whose planes are inclined to that of the solar equator by at most a right angle. 
Supposing that their inclinations are due to chance, they could have extended 
to two right angles; and the probability that at least one of them would have 
1 137438953471 
937 °Y 137438953472" 
probable that the direction of the planetary movements is not at all the effect 
of chance, and this becomes still more probable when we realize that the inclina- 
tions of the majority of these movements to the sun’s equator are very small 
and much less than a right angle. 

Another equally remarkable characteristic of the solar system is the smallness 
of the eccentricities of the orbits of the planets and their satellites, whereas 
those of the comets are much elongated. No intermediate stages between large 
and small eccentricities occur in the system. We are then again compelled to 
recognize the effect of a regular cause. Chance alone would not have given an 
almost circular form to the orbits of all the planets, and the cause that determined 
the movements of these bodies must therefore have rendered them nearly 
circular. This cause again must have influenced the great eccentricity of the 
orbits of the comets, and, what is very extraordinary, without having affected 
the directions of their movements; for when we consider the orbits of retrograde 
comets as inclined at more than a right angle to the plane of the ecliptic, we 
find that the mean inclination of the orbits of all observed comets is almost a 
right angle, as it would be if these bodies had been projected at random. 

Thus, returning to the cause of the primitive movements of the planetary 
system, we have the five following facts: 


It is then extremely 


exceeded one right angle would be 1 — 


1. The movements of the planets are in the same direction, and almost in 
the same plane. 

2. The movements of the satellites are in the same sense as those of the 
planets. 

3. The rotations of these different bodies and the sun are in the same 
direction as their revolutions and in only slightly different planes. 

4. The eccentricities of the orbits of the planets and their satellites are 
small. 


5. Finally, the eccentricities of the orbits of comets are great, although their 
inclinations can be attributed to chance...*. 


Whatever may be its nature, since it has produced or directed the move- 
ments of their satellites, this cause must have been common to all these bodies; 


* Here Laplace interpolates a short discussion of Buffon’s hypothesis, which will be dealt 
with in connexion with the tidal theories. 
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and seeing the enormous distance that separates them, it can have been only a 
fluid of immense extent. To have given them an almost circular motion around 
the sun in a single direction, the fluid must have surrounded the sun like an 
atmosphere. Consideration of the planetary movements leads us then to think 
that in consequence of an excessive heat the atmosphere of the sun formerly 
extended beyond the orbits of all the planets, and that it has since withdrawn 
to its actual limits. This might have taken place through causes similar to that 
which produced the brilliant outburst in 1572, lasting several months, of the 
famous star in the constellation Cassiopeia. 

The great eccentricity of the orbits of comets leads to the same result. It 
evidently implies the disappearance of a large number of less eccentric orbits; 
which supposes an atmosphere around the sun extending beyond the perihelia 
of the observable comets, which, by destroying the movements of those that 
traversed it during its great extent, has reunited them to the sun. Thus we see 
that only the comets that were beyond in that interval should exist at the 
present time; and as we can observe only those which approach sufficiently 
near to the sun at perihelion, their orbits must be very eccentric. But we see 
at the same time that their inclinations must offer the same irregularities as if 
they had been projected at random, since the solar atmosphere has in no way 
affected their movements. Thus the long periods of revolution of comets, the 
great eccentricities of their orbits, and the variety of their inclinations, are very 
naturally explained by means of this atmosphere. 

But how has it determined the revolutions and rotations of the planets? If 
these bodies had penetrated into the fluid, its resistance would have made them 
fall into the sun; it may then be conjectured that they were formed at the 
successive limits of this atmosphere, by the condensation of the zones that it 
must have abandoned in the plane of its equator while cooling and condensing 
towards the surface of that luminary, as has been seen in the preceding book. 
We may conjecture again that the satellites have been formed in a similar 
manner by the atmospheres of the planets. The five facts asserted above follow 
naturally from these hypotheses, to which the rings of Saturn add a new degree‘ 
of plausibility. Finally, if in the zones abandoned in succession by the solar 
atmosphere, there were some molecules too volatile to unite with each other or 
to heavenly bodies, they must, while continuing to revolve around the sun, 
present to us all the appearances of the zodiacal light, without offering any 
noticeable resistance to the movements of the planets. 

Whatever may become of this genesis of the planetary system, which I 
present with the lack of confidence that everything that is in no respect a, result 
of observation or calculation must inspire, it is certain that its elements are so 
regulated that it must enjoy the greatest stability, so long as outside causes do 
not disturb it. 


1:2. The Dynamics of the Nebular Hypothesis. The purely qualitative 
discussion given by Laplace is from its nature necessarily extremely 
incomplete, and in the absence of quantitative treatment it was, as he 
says, impossible to feel much confidence in the hypothesis. He never 
carried out such treatment, and for over sixty years the question of the 
mode of formation of the solar system remained as he had left it. Before 
proceeding to the later investigations, however, it is desirable to dwell 
further on Laplace’s account, and to point out the places where his 
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development is incomplete and the modifications produced by modern 
observation in the empirical data he used. 

The solar atmosphere whence the planets are supposed to have been 
formed was originally a highly diffuse nebula; this was apparently con- 
sidered to have been approximately symmetrical about an axis nearly 
perpendicular to the plane of the ecliptic, since it is described as extending 
beyond the orbits of all the planets and as bearing some resemblance to 
Saturn’s ring. The motion of the nebula is only stated to have been one 
of rotation; it is not made clear whether the periods of revolution of all 
parts of the nebula were to be the same, or whether, as might seem 
possible, the inner parts would revolve more quickly than the outer ones. 
The distribution of density is not definitely specified; but the description 
of the nebula as surrounding the sun like an atmosphere suggests that the 
sun was already in a fairly advanced state of condensation, and that the 
total mass of the nebula was probably less than that of the sun. 

The nebula condensed slowly, and its rotation became faster and 
faster, in accordance with the dynamical principle of the conservation of 
_ angular momentum. Laplace assumes that his system is unaffected by out- 
_ side disturbances. In such a system suppose the mass of some particle to be 
m, and consider the motion of the foot of the perpendicular from that par- 
ticle to some fixed plane. Suppose this point to be moving with velocity v, 
and that the perpendicular from a fixed point in the plane to the tangent 
to the path is of length p. Then the principle asserts that if the values 
of mpv for all particles of the system are added up, the sum is constant 
for all time, no matter what changes occur within the system. This sum 
is called the angular momentum of the system about the given axis. 
Let us now apply this principle to the nebula. If r denotes the length 
of the perpendicular from a particle on to the axis of rotation at time f, 
while the fixed point and plane are the centre and the equatorial plane 
respectively, the sum is Xmrv, where as usual & is used to denote ‘the sum 
of the values of.’ Now suppose that the contraction takes place in such 
a way that the values of r for all parts of the nebula are altered in the 
same ratio. If a particle was initially at distance 7, we shall then have 


eres rof (t), 
where f (¢) depends on ¢ alone. Suppose that the same holds for the 
velocity, so that if the initial velocity of a particle was 1, we have 

v= v9 (é). 
As the mass of any particle remains constant, it follows from the above 

inciple that 
Pe ge LM y of (é) g (t) = Umr_%.- 
But since ry and v» do not depend on the time, we must have 
f(t) = 1/9 @). 


Now if the equatorial radius of the nebula is a, it is clear that a is pro- 
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portional to f(t), and that the velocity at the outer boundary is proportional 
to g (¢) and therefore to 1/a. 

The outer portions of the nebula at any time would be describing 
circular paths about the axis, under the gravitational attraction towards 
the interior and the fluid pressure acting outwards. The acceleration 
towards the axis required to maintain a circular path is v2/r and is therefore 
proportional to a~*. Since the action of fluid pressure is always outwards, 
rupture will take place if this acceleration is greater than that produced 
by gravity, namely a constant multiple of M/a?, where M is the mass 
of the whole system. Hence as the mass contracts the acceleration 
necessary to hold it together increases like a-*, while that available for 
the purpose only increases like a~*. Therefore, whatever may have been 
the initial velocity of rotation of the mass, it is only a question of waiting 
till it has contracted sufficiently for gravity to become inadequate to 
hold the outermost portions in contact with the remainder. When this is 
so, they will be left behind. Rupture must take place at this stage unless 
it has previously taken place in some other way. 

The foregoing argument is of considerable generality, for it covers the 
extreme cases where the mass rotates like a rigid body (that is to say, 
all parts take the same time to revolve around the axis) and either is 
homogeneous or has nearly the whole of the matter concentrated into a 
central nucleus. An indefinite number of possible intermediate states are 
also covered, and also a still wider range of states where the motion is 
not like that of a rigid body. 

Given some rotation to start with, the advance of condensation will 
necessarily tend to produce some kind of rupture. It may happen that 
the nebula will become liquid or solid before conditions suitable for rupture 
are reached; condensation will then cease and rupture will be postponed 
indefinitely. A certain minimum angular momentum is therefore necessary 
to produce ultimate rupture in any given mass. But supposing such an 
amount of angular momentum to be available, rupture is certain to occur 
before the whole mass has been absorbed into the central body. It may 
take place at an earlier stage than is indicated by the theory just given. 
If this is so, it happens while the gravitational acceleration available at 
the outer boundary is adequate to retain the matter there. Hence it 
takes place, not by crossing the outer boundary, but by internal con- 
densation. 

Laplace does not consider the possibility of the formation of planets 
by internal condensation, but only the separation of the outer portions 
around the equator. The whole system is perfectly symmetrical in these 
circumstances, and therefore the detached matter would form a ring. 
As condensation proceeded, other rings would be formed, and after its 
separation each ring would revolve independently about the central body 
with the period appropriate to its distance. Several objections have been 
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made against this part of the theory. It was suggested* that the result 
would not be a series of thick rings, nine in number, but a very large 
number of extremely thin ones, thus tending to account for minor planets 
and meteors rather than major planets. Other writers have argued that 
the absence of cohesion would make the separation quite continuous, 
whereas the formation of separate rings requires it to have been inter- 
mittent. These objections were partially answered by Rochey, in his 
detailed discussion of the Nebular Hypothesis, the irregularity being 
attributed to intermittent cooling of the central body; but his explanation 
seems very artificial. 

Granting that separate rings could have been formed, it remains to 
show how a ring could have condensed into a single planet. On this 
point neither Laplace nor any of his followers offers any clear account. 
Such condensation appears to be impossible, in consequence of certain 
results obtained by J. Clerk Maxwell in his Essay on the stability of the 
motion of Saturn’s Rings, published in 1859. He shows that a ring of 
particles surrounding a central body will be stable if the number of the 
particles does not exceed a limit depending on the mass of the ring, and 
unstable if the number is greater than this limit. In a fluid ring the number 
of particles is effectively infinite, and therefore the motion of such a ring 
is necessarily unstable, and the ring will break up. Now any disturbance 
of the motion of such a ring can be represented as composed of a number 
of waves travelling around it. Each wave will remain steady, die down, 
or increase independently of all the others. Maxwell shows that the 
shorter the wave length the more rapidly will a disturbance increase, and 
therefore the method of rupture is that the fluid ring first breaks up into 
a very large number of detached bodies; the disturbances of somewhat 
longer wave lengths then assert themselves and cause the masses to run 
into one another and combine until the number of separate masses is so 
reduced that the condition for stability is satisfied. Thus the rupture of 
a ring would lead to the formation of a ring of planets in nearly the same 
orbit and of comparable size, which is not a state now represented in the 
solar system. If Jupiter were divided into 49 fragments revolving about 
the sun, it would satisfy Maxwell’s criterion of stability, and hence when 
this stage had been reached further aggregation would cease. Thus the 
formation of the solar system by the breakdown of rings is impossible. 

Even at this stage the questionable assumptions of the hypothesis 
are not exhausted. If the planets were formed by this process, the fact 
that they all revolve in one direction is explained; so are the small in- 
clinations and eccentricities of their orbits. But when: we come to the 


* Daniel Kirkwood, M.N.R.A.S. 29, 1869, 96-102. , 

t ‘Mémoire sur la figure des atmosphéres des corps célestes,’ Mémoires de l Acad. de 
Montpellier, 2, 1854, 399; ‘Essai sur la constitution et Porigine du systéme solaire,’ loc. cit. 
8, 1873, 235. H. Poincaré, Legons sur les hypotheses cosmogoniques, 1913, 15-67. 
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satellites there are further difficulties. Each planet is supposed to have 
acquired, by some unspecified process, a rotation in the same direction as 
its revolution, and the condensation of the planets is supposed to have 
afterwards led to the formation of systems of satellites by the same 
mechanism as produced the planets in the first place. Thus the fact, 
pointed out by Laplace, that most satellites revolve in the same sense as 
their primaries, is explained. But unfortunately for the theory eight 
satellites now known revolve in the opposite direction, a fact quite in- 
explicable by this means alone. It has been suggested that the rotations 
of the planets were originally retrograde, but were reversed by solar tidal 
friction during the condensation, but it has been found that this is 
inadequate to account for the direct rotation of Jupiter and Saturn 
(see 14-73). 

Even in the case of the comets the theory is of doubtful value. The 
action of a resisting medium near perihelion would gradually reduce the 
mean distances of all comets that ever entered it, and therefore all sur- 
viving comets must have had perihelion distances greater than the present 
distance of Neptune. A further explanation of how these bodies came 
to be deflected so as to have small perihelion distances is therefore required, 
and is not provided by the theory. 


1:3. The Nebular Hypothesis with Internal Condensation. Although the 
particular course of evolution of the solar nebula sketched out by Laplace 
has proved to be impossible, it does not follow that an extended nebula 
could not develop into a system very like the solar system by some 
different process. It is noticed on examining Laplace’s discussion that 
the abandonment of perfect symmetry takes place at the very last moment 
conceivable, and that so long as we admit only symmetrical forms the 
only course possible is one such that the nebula sheds matter continuously 
around its equator, thus forming a new nebula around itself with a different 
distribution of velocity and probably of density. Now to produce the 
planetary system, symmetry must be abandoned at some stage, and it 
has been shown that if the abandonment is postponed till rings have been 
formed it is by that time too late. Emission from the boundary is not 
possible in any other way; the only alternative left is by internal con- 
densation, a possibility that has already been suggested. Such a theory 
would require that some slight inequality of density should be formed within 
the nebula, and that on account of a type of instability the inequality should 
proceed to increase until the form of the nebula was very seriously altered 
and one or more planetary nuclei formed. We see at once that this accounts 
for several features of the system, if it is a possible mode of development. 
The direct revolution of the planets in slightly inclined and slightly 
eccentric orbits is explained. The rotation of a planet and the revolution 
of its satellites would be in the direction of rotation of the matter in the 
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neighbourhood of the primitive condensation, and would be direct if the 
condensation started within the inner portion, but perhaps reversed if 
within the matter already shed from around the equator. Thus it might 
be possible to explain why the most remote planets have retrograde 
satellites; but there appears to be still no way of explaining the existence 
of both direct and retrograde satellites of the same planet, as is true of 
both Jupiter and Saturn. 


1:31. This hypothesis, however, fails on other grounds. The principle 
of the constancy of angular momentum, used at the very outset, imposes 
a severe restriction on the initial conditions of the mass, which turns out 
to be inconsistent with the condition that condensation shall be possible 
at all. If we use astronomical units of length, time, and mass, so that 
the earth’s distance from the sun and the sun’s mass have measure unity 
and the year has measure 27, we can calculate the angular momentum of 
the whole system at present about an axis through the centre of the sun 
perpendicular to the ecliptic, and this cannot have changed since the earliest 
times. The data for the various planets are as follows: 

Mass Mean Mean ' Angular 


Body 1+ distance motion _ momentum 
Sun 1 2-7 x 10-3 laa 1-05 x 10-4 
Mercury 9700 000 0-39 4:17 6:5 x 10- 
Venus 402 000 0:72 1-63 Pp SAK RS 
Earth 329 000 1-00 1-00 3:0 x 10=% 
Mars 3100 000 1-52 0:53 4:07 510m 
Jupiter 1047 5-20 0-0844 2-18 x 10-3 
Saturn 3510 9-54. 0-0367 0:95 x 10-3 
Uranus 22800 19-2 0-0119 0:19 x 10-3 
Neptune 19700 30-1 0-0061 0:28 x 10 


In this table the mean motion 7 is the mean angular velocity of the body 
as seen from the sun; it is also the reciprocal of the number of years in 
the period of revolution. The velocity is therefore rn, and the angular 
momentum is mr’n. For the sun the mean distance given is k, the radius 
of gyration, defined as the distance from the axis of a particle with the 
whole mass of the sun that would have the proper angular momentum 
if it revolved in the sun’s period of rotation. It is supposed that the 
density of the sun is uniform, so that 


Kev, Pgs sh: © ue | ed |S ee eee 


where 7) is the radius of the sun. If the sun is condensed towards the 
centre this value will be reduced. The mean motion given for the sun is 
its angular velocity of rotation. 

When we add up all the angular momenta, the total is found to be 
3-7 x 10%, of which Jupiter contributes more than half and the sun only 
about a thirtieth. The contributions of the inner planets, the satellites 
and the rotations of the great planets on their axes are all inappreciable. 
Now if the sun and all the planets were united into a homogeneous sphere 


obo 
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or ellipsoid filling the orbit of Neptune and rotating in Neptune’s actual 

period, its angular momentum would be 2Mr,2n,, where M is the total 
mass of the sun and planets and 7, and n, refer to the mean distance and 

motion of Neptune. This amounts to about 2-2, about 600 times the actual 
- angular momentum of the system. 

Now a condensation within the mass must have revolved in the same 
period as the mass itself, and thus the angular velocity of the mass when 
Neptune was formed must have been n,. Hence, if k, be the radius of 
gyration at that time, we must have 


BR ets SOR ae Ces ie ee WORE nse on (2), 
StU ee ee ee (3), 
whence RA G00 er Soa R 0 wh iS (4). 


Thus the radius of gyration of the nebula was only = of that of a homo- | 


geneous ellipsoid of the same diameter, indicating that its mass was 
strongly condensed towards the centre, even in the early stages. The 
suggestion developed by Roche (loc. cit.) that the sun was already formed 
when the condensation started is therefore essential to the theory*. 


1:32. The effect of this central condensation is that the gravitation of 
the mass reduces practically to that of a heavy particle at the centre, and 
in these circumstances it is pointed out by Jeanst that there are no 
possible asymmetrical steady states at all; the symmetrical state is always 
stable, and the course of development will therefore proceed through all the 
symmetrical forms found by Roche until ejection commences around the 
equator. Hence internal condensations are impossible and the theory fails. 


1:33. The argument may be presented in another way by means of 
a theorem due to Poincaré. If the angular velocity of the fluid in the 
neighbourhood of the suggested condensation is w, consider the function 

Da ee (eee ayia ok cee Giea noes cee (5), 

where U is the gravitational potential and x and y are rectangular co- 
ordinates measured from some point within the condensation and parallel 
to the equatorial plane. Consider any closed surface within the condensa- 
tion. Then we have by Green’s theorem 


es as = {{|V2U,dr oie ie (6), 


* The importance of the angular momentum criterion was first pointed out by Babinet 
(Comptes Rendus, 52, 1861, 481-84) and by David Trowbridge (Amer. Journ. of Science and 
Arts, Ser. 2, 38, 1864, 344-60). Both of these writers, however, overlooked the fact that the 
orbital angular momentum of Jupiter much exceeds the rotational angular momentum of 
the sun, and attended only to the latter. The first correct discussion is by Fouché (Comptes 
Rendus, 99, 1884, 903-906). For an account of the primitive density distribution necessary 
to account for all the planets, reference may be made to Anne Sewell Young (Astrophysical 
Journal, 13, 1901, 338-43), who undertook the work at the suggestion of Prof. I’. R. Moulton. 

t+ Problems of Cosmogony and Stellar Dynamics, p. 148. 
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the integral on the left being taken over the surface and that on the 
right throughout the interior. Now 


V2U0, = V?U + 2? 
=— 4rfip Se O2Q) ef  ieesancence (7), 
where p is the density and f the constant of gravitation. If p, is the mean 
density inside this surface and ¢ its volume, the integral on the right is 
therefore equal to 2¢ (w? — 27fp,). 


Now — a is the normal component of gravity inwards across the 


on 


surface, and a 4? (x? + y?) is the inward normal acceleration required 


to keep a particle in contact with a surface rotating with angular velocity w. 
Hence if ; aU,_2U | 9 

on On On 
is positive, the inward attraction due to gravity is less than is required to 
hold a particle in contact with the surface, and thus the combined effect 
of gravity and rotation will tend to make the fluid move outwards across 
the closed surface. In addition the fluid pressure must increase inwards, 
since the pressure must increase with the density, and therefore the effect 
of pressure is always to produce motion outwards. But for a condensation 
to develop it is necessary that the fluid shall have at all points an inward 


let (tg eee (8) 


ou; 
on 


great to counteract the outward acceleration due to pressure. This must 
be true at all points of the surface if the effect is to be a permanent con- 


or a zero acceleration, and therefore must be negative and sufficiently 


densation around a point. Hence [ ie dS over the surface must be 


negative, and therefore 26 (w? — 27fp,) must be negative. Thus the con- 
dition for condensation to be possible is that 27fp, shall be greater than w?. 
If the whole mass rotated like a rigid body, w would be the same at 
all points, and therefore equal to n, the angular velocity of the whole 
nebula, and to the present mean motion of the planet formed at that 
stage. Now by Kepler’s third law we have 
fu 


re ee. (9). 


Hence the condition for condensation is that 27fp, shall be greater than 
[{M|/r°, or that p, shall be greater than M/27r°. But the angular momentum 
condition (4) shows that the density near the outer boundary is only a 
small fraction of the mean, and in this case the form of the outer boundary 


h that 
ik hams M joa? = 0367 ~~ (10), 
where p is the mean density*. Hence the condition for condensation is 


* Jeans, loc. cit. p. 150. 
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that the density in the neighbourhood of the condensation when con- 
densation begins shall be greater than 0-36 of the mean density*; which 
contradicts the result that nearly all the mass must be near the centre, 
the density as far out as the orbit of Neptune being at most only of the 
order of a thousandth of the mean. 


1-34. If we suppose condensation to have occurred in the matter that 
has been shed around the equator, a similar contradiction arises. Each 
portion of the matter in this part must revolve independently about the 
centre, with an angular velocity nearly equal to 7, that appropriate to a 
circular orbit at the same distance, namely (fM/r3)t. Now the rotation of 
the matter is given by 


Thus the condition for condensation is that p, shall be greater than w?/2af 
or n?/32nf, and finally greater than 0-022¢—much less than in the former 
case, but still quite inconsistent with the data of the problem. Hence 
internal condensation is impossible in either portion of the nebula. 


1-4. Summary. The theory of rotational instability is therefore not 
a possible explanation of the origin of the solar system, and search must 
be made elsewhere for the correct theory. It has actually been proved 
by Jeans in his elaborate investigation that a nearly homogeneous mass 
broken up by rotational instability would give rise to a double or multiple 
star, the masses of the components being comparable; while a mass with 
a strong central condensation, if it condensed elsewhere at all, would 
probably give a spiral nebula, the arms consisting of streams of stars, 
each with a mass comparable with that of the sun. In neither case would | 
anything resembling the solar system be produced. A gaseous body with 
a mass comparable with that of the sun, and strongly condensed towards | 
the centre, could not condense at all except by absorption into the sun. — 


* A very similar criterion, on rather different hypotheses, was given by Moulton, 
Astrophysical Journal, 11, 1900, 122-6. It forms part of a paper giving the objections to 
Laplace’s theory found by Moulton and others up to that date. 


CHAPTER II 
The Tidal Theory of the Origin of the Solar System 


“Tn six days the Lord made heaven and earth, the 
sea, and all that in them is.” Exodus xx. Il. 


2:1. Long before it had been definitely proved that Laplace’s Nebular 
Hypothesis could not give a dynamically satisfactory account of the origin 
of the solar system, and could not be modified to give one so long as the 
notion of gradual development from a nebula initially fairly symmetrical 
was retained, many astronomers had felt that it involved too many un- 
proved and unplausible assumptions, and were seeking for an alternative 
hypothesis that would avoid the difficulties. The chief of these alternatives 
was the Planetesimal Hypothesis of Professors T. C. Chamberlin and 
F. R. Moulton, both of Chicago*; this hypothesis has obtained the support 
of a considerable number of geologists, although astronomers have given 
it much less attention. Nevertheless its astronomical side appears to 
contain a large amount of truth, in spite of several serious objections 
that can be urged against it. One of these objections was pointed out by 
me in 19167, but the advantages of this hypothesis over those previously 
advocated were so striking that I attempted to modify it in such a way 
as to avoid the objection. An outline of the result was published in 1917%, 
and various applications of the modified hypothesis to account for pheno- 
mena of the existing solar system were developed in 1918§. One of the 
chief changes found necessary was to abandon the part of the theory that 
attributed any cosmogonic importance to the planetesimals, and the 
modified theory is therefore known as the Tidal Theory and not as the ~ 
Planetesimal Theory. 


2-2. The Methods of Rupture. Sir J. H. Jeans has discussed on general 
dynamical principles the whole problem of the possible methods of rupture 
of fluid masses, and was able to show, in a thesis|| awarded the Adams 
Prize of the University of Cambridge in 1917, that the only method that 
could lead to anything resembling the solar system required almost the 
same initial conditions as the Planetesimal Hypothesis and that which 

* Chamberlin, Astrophysical Journal, 14, 1901, 17-40; Moulton, loc. cit. 22, 1905, 
165-81; also references in Appendix A. 

+ M.N.R.A.S. 77, 1916, 84-112. 

t Science Progress, No. 45, 1917, 52-62. 

§ M.N.R.A.S. 78, 1918, 424-41. 

|| Problems of Cosmogony and Stellar Dynamics, 1919; also Memoirs R.A.S. 62, 1917, 1-48. 
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I adopted. Since the two discussions rested on very different data, the 
close agreement between the inferences is a strong argument for the truth 
of some closely similar theory. There were, however, a few points of 
difference ; these will be indicated in the following account, which differs 
somewhat from both presentations. For convenience of treatment, the 
discussion of the Planetesimal Hypothesis itself will be reserved until 
Appendix A. 

The fundamental feature of the hypothesis is the approach to the sun 
of a star considerably more massive than itself. This raised two large 
tides on the sun, the greatest protuberances being at the points of the 
sun nearest to and furthest from the star. When the distance between the 
two bodies became sufficiently small, the tendency to disruption due to 
the difference between the attractions of the star on the two opposite sides 
of the sun became greater than the sun’s gravitation could counteract, 
and a portion of the sun was torn away. This afterwards condensed to 
form the planets and satellites. 

Jeans has shown that in the tidal theory, as in the rotational theory, 
a mass may be broken up in two ways, according as it is approximately 
homogeneous or strongly condensed towards the centre. The former type 
would give a number of bodies with masses of the same order of magnitude; 
the latter is the type required to account for the solar system, and will 
therefore be considered in some detail. 

The gravitation potential due to the sun and a star together, when the 
sun is supposed to have nearly all its mass concentrated near the centre 
and the star is supposed spherical, is 


yf, 

a y 
where f is the gravitational constant, M and M’ are the masses of the 
sun and star, and r and 7’ the distances of the point considered from the 
centres of the respective bodies. If coordinates x, y and z be taken, the 
origin being at the centre of the sun and the x axis pointing towards the 
star, and if wu, v, w be the component velocities of the matter of the solar 
envelope at any point, we have 


d CoO 1/0 

Fj 92) = (ae 5» ae) Ta Ne ale walmart (2), 
where the derivatives with regard to the time indicate the accelerations 
in the directions of the axes, p is the pressure and p the density. Now the 
acceleration of the central body towards the star will be fM’/R?, where 
R is the distance between the centres. Hence if (uw), 1), Wo) be the velocity 
of the centre of the sun, 
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and if (w’, vo’, w’) be the velocity of a particle of the envelope relative to 
the centre of the sun, we have, since R is independent of a, y and z, 


Pane (v — fit) 
=a, R? 


6 ae we. 
wee] (ae ee) Ce My 4). 
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The discussion of the resulting motion may be facilitated by considering 
two extreme cases, called by Jeans ‘slow’ and ‘transitory’ encounters. In 
a slow encounter, the changes are slow compared with the corresponding 
free vibration of the solar envelope, while in a transitory one they are quick. 

The changes during a slow encounter bear a certain resemblance to 
the motion of a pendulum when the bob is drawn aside by a gradually 
increasing horizontal force. It moves slowly in the direction of the force, 
the deflexion at any instant being almost the same as if the pendulum 
were in equilibrium under the action of gravity and the force actually 
acting at that instant. In a slow tidal encounter, approximate equi- 
librium is similarly maintained, and the form of the solar envelope can 
be calculated as if it were in equilibrium under the action of the gravitation 


of the sun and the star. Thus the acceleration ‘ (u’, v’, w’) can be neglected. 


In the case of the transitory encounter, the analogous pendulum 
problem is that of a bob suddenly struck by a horizontal blow, and 
then allowed to swing or revolve freely. In the tidal problem, the motion 
is as if a velocity was suddenly imparted to the envelope, and this was 
then left to readjust itself under the mutual attraction of its parts and 
the sun’s gravitational field. 


2:21. In a slow encounter we have 


O00) 0 fia lie alee 
trong le 73 eabetemics sent (1). 
Thus the fluid pressure and the density must be functions of U — f es 


M' M's 
Peg Le 
quantity by Q. Thus the outer boundary of the mass will be one of the 
surfaces where Q is constant; it will be the particular surface of the set 
that is just large enough in volume to be filled by the matter of the solar 
envelope. Jeans shows that one of these surfaces, represented by the 
thick curve in Fig. 1, surrounds the sun completely and has a sharp point 
on the side nearest the star. At first the volume of the solar envelope 
is much less than that of this surface; but as the star’ approaches, the 
linear dimensions of this critical surface diminish in proportion to the 


é M : 
that is, of mnoG Jeans (loc. cit. pp. 153-56) denotes this latter 
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distance between the two bodies, until the volume becomes too small to 
hold the envelope. The critical value of R, if the disturbing body has a 
mass double that of the sun, is 2:87a, where a is the undisturbed radius 


of the envelope. When this state is reached at vanishes at the apex; 


and this implies that whereas up to this stage everywhere, and even at this 
stage everywhere else, the resultant influence of gravity is to accelerate 
the matter towards the interior, the influence now ceases at this point. 
With a closer approach it changes its direction, and the matter of the 
envelope is drawn out at the point in the direction of the star. The action 
of fluid pressure is always to encourage ejection, which will therefore 
continue until the star has receded again to such a distance that its gravity 
is no longer enough to neutralize that of the sun. 


Fig. 1. (From Jeans’s Problems of Cosmogony.) 


Initially the velocity and acceleration of the ejected matter relative to 
the sun are both inappreciable, but when the star approaches closer the ac- 
celeration increases and the matter therefore begins to move straight towards 
the star. Meanwhile the star is moving transversely as well as towards the 
sun; thus, when the matter has moved some distance outwards, the star is 
no longer in its direction of motion, and will therefore attract it sideways. 
Thus a velocity around the sun as well as away from it will be acquired. The 
changes in the condition of the system are indicated in the following diagram 
(p. 20), where the dotted curve shows the position of the solar envelope 
at the first rupture and the figures 1, 2, and 3 indicate the positions and 
paths of the particles ejected at the first, intermediate, and final stages. 
Since all the accelerations relative to the sun are in one plane, namely 
that of the motion of the star relative to the sun, it follows that the 
whole of the motion produced must be approximately in this plane, apart 
from a possible slight departure due to the rotation of the sun before 
the passage of the star. Further, the transverse motion of every portion 
of the ejected matter is in the same sense as the motion of the star. It 
would be incorrect, however, to suppose that the whole of the ejected 
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ejection the volume of the critical surface would be decreasing at a rate 
simply proportional to the rate of change of volume of a sphere with its 
centre at the sun and extending to the star. Thus when ejection started 
the rate of ejection would be finite if the rate of approach was finite, 
would increase to a maximum, and would fall to zero at periastron*. 

The typical slow encounter just described is, however, incapable of 
being realized in actuality, for quantities supposed negligible in it are in 
fact incapable of being small. The period of a free vibration of tidal type 
in the solar envelope could hardly differ in order of magnitude from the 
period of revolution of a planet moving in a circular orbit at the point 
of ejection. This period is 27 (b?/fM)?, where 6 is the radius to the point 
of ejection. The time of passage of the star, even if the relative velocity 
before it was appreciably affected by the sun was inappreciable, would 
be of the order of 7 {R?/f (M+ M’)}, by the ordinary theory of two 
bodies. Now the condition for any emission to occur is approximately 
that b shall exceed (M/2M’)tR. Thus the ratio of the two times considered 


is of order (ae which cannot be less than unity, whereas it 


would have to be a small fraction for the conditions of a slow encounter 
to be satisfied. Any actual encounter would be intermediate in character 
between the typical slow encounter and the typical transitory one; but 
whereas the former type cannot be even approximately realized, being 
dynamically impossible for freely moving bodies, the latter can be realized 
with any required degree of accuracy. 


2-22. Consider now a transitory encounter. The equation of con- 
tnuity 1s ldp Ou dv. tw 
pdt ox’ dy oz 
where the axes are now taken to be fixed in direction and not accelerated, 
and wu, v, w are the component velocities of the fluid. Now by hypothesis the 
encounter is such as will make the velocities moderatey+, while its duration 
is inappreciable. Hence the quantity on the right is moderate, and there- 
fore its integral for the whole or any part of the encounter is inappreciable; 
thus p, the density of any element of fluid, does not change during the 
encounter. 


* This account differs from that of Jeans, loc. cit. p. 283: “The rate of ejection of matter 
would be slow at first, would increase to a maximum when the passing star was at its nearest 
to the sun and would subsequently diminish to zero.” 

+ In arguments based chiefly upon the notion of orders of magnitude, some set of 
quantities must be taken as a standard. Other quantities are called ‘large,’ ‘small’ or 
‘moderate’ in comparison with these. The standard quantities must, of course, be consistent 
in the same sense as is applied to units of measurement. Thus, in the present problem the 
mass of the sun, gravity at the surface of the primitive sun, the velocity and mean motion of 
a planet at the sun’s surface and moving about it in a circular orbit, and the radius of the 
sun, are all standard quantities, while the pressure at the sun’s centre is moderate. 
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If the fluid be compressible, the pressure on any element of the fluid 
is determinate when the density is known, and therefore, by the last 
paragraph, does not change during the encounter. Now the accelerations 
of any element are given by 


d Gilda aera fo oe 

qr) =(x. oy’ = aeaiice: ae) e aiotolanctnievere (2). 
Let us denote fUdt, taken for the whole duration of the encounter, by 
®. By the last paragraph, the second vector on the right is essentially 
moderate, and its integral throughout the encounter is therefore negligible. 
Thus if we integrate the equations of motion for the duration of the 
encounter we shall have 

0 0 a 

an? By? =) 
Thus there is no impulsive pressure during a transitory encounter. 

If the fluid be incompressible, the argument breaks down, but the 
result may be obtained otherwise. Equations (2) still hold, but, p being 
constant for any given element, we can denote fpdt for the duration of 
the encounter by a, and then if we integrate (2) for the duration, we have 


OueU 2a fo" se a 
(4,00) = (sea See Agee (4). 
Differentiating the three equations thus combined with regard to 2, y, 
and z respectively, and adding, we have 


ou dv, ow, 0 /low\ 0 /léw\ 0 /ldw 
ef e- re (EC) £0) ECR) ~o 
Now the left side is equal to — : a which is zero since the fluid is incom- 
pressible. V?U is equal to — 47fp, which is always moderate, and therefore 
V’® is inappreciable. Hence 


ialp ae) ayloay) *2e(pae)=° y 


If we had an uncharged dielectric with a specific inductive capacity pro- 


u,v, w= ( 


; 1 mor : é 
portional to —, this differential equation would be satisfied if o were the 


electrostatic potential within it. Further, the pressure, and therefore a, 
vanish at all points of the boundary of the envelope. The problem is 
therefore completely analogous to that of an uncharged dielectric with 
a zero potential over the boundary, which is known to have a unique 
solution*, namely that the potential is zero for all points within it. Hence 
we have the general result that there is no impulsive pressure in a transitory 
encounter, and therefore equations (3) hold in all cases. 


* Cf. Jeans, Electricity and Magnetism, 1908, 161-162. 
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2-221. Now by hypothesis the gravitation of the sun is inappreciable 
in comparison with that of the star during the encounter, even within 
its envelope, and a fortiori it is therefore insufficient to divert the path 
of the star appreciably. The star will therefore move in a straight line. 
Taking the path of the star to be the axis of y and its velocity to be », 
the coordinates of the star are (0, vt, 0) and the accelerations of a particle 
(x, y, z) due to the star are 

—ju' (5 oe 73) 


y’3? 73 73 


where 7’ is the distance of the particle from the star. 

Integration of these with regard to the time gives the velocity of the 
particle at the end of the encounter. Putting 7? + z? equal to R,?, so that 
FR, is the least distance of the star from the particle considered, and 
y — vt equal to R, tan ¢, we have 

7/2 — y2+ 224 (y — vt)? 
= R,? sec, 
and — vdt = R, sec? ddd. 
The direction of the final velocity evidently intersects the path of the 


star. The y component is 
i ae sin ddd, 


which vanishes. The component at sei angles to the path of the star is 


ie BR, Le gett: * sect bd = = Ie 

If R, be the distance of closest approach to the centre of the sun, and if 
R, = Ry = a; 

the velocity of the particle relative to the centre of the sun at the end 


of the encounter will be 
ofM’/ 1 1\ 2fM'a 
(x ) (1) 


- pane R, R,v seseeeeee 


° 


approximately. 

The condition that the sun may be broken up is evidently that this 
velocity shall be comparable with the parabolic velocity for a particle 
at the outside of the envelope. If a be the mean radius, this condition 


becomes 


2fM'a ee. Heise (2). 


Ryv a 


We have the further condition that the duration of the encounter shall 
be less than the period of oscillation of the mass. The former can be taken 


& 
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to be 2R,/v, and the latter half the period of revolution of a planet at the 
boundary. Hence 
(ti ac la aaa a). 
a v 
Multiplying (2) and (3), we find on simplification 
Ge OE Wie 
—— > — 
/2M~- a 
The corresponding condition found for a slow encounter was equivalent to 
2M’ &,® 
MU a 


Thus for a given periastron distance the least mass of the disturbing body 
that will produce rupture is found to be nearly the same whether the 
encounter is slow or transitory. But we notice from (2) that if a and R, 
are fixed the critical value of WM’ will increase with v. 

For a given mass M’ and a given minimum separation of the two 
bodies, equation (2) imposes an upper limit to the values of v consistent 
with rupture taking place. To indicate the possible dimensions of the 
system at rupture, take 


M' = 4M, R= 1-5a, v= 4 x 10° cm./sec. 
With M = 2x 10" cin, fs 6-6 10> e-2-8., 
(2) gives a< 6-410? cm; 


which is the present mean distance of a rather remote asteroid. 

The extreme type of transitory encounter may be approached in- 
definitely closely by supposing M’ and v increased indefinitely while 
retaining a constant ratio to each other. It is easy to see, however, that 
this type of encounter could not lead to anything resembling the solar 
system. The investigation just given shows that in a purely transitory 
encounter the motion produced necessarily consists of the shooting out 
of two protuberances, one towards the star and one away from it, but 
both directly away from the centre of the sun. Some of the matter might 
acquire enough velocity to make it leave the sun’s influence altogether; 
but such as did not would fall straight back into the sun and be reabsorbed. 
Thus no planetary system would be generated. To account for the actual 
solar system an encounter of intermediate type is required. 

It has been suggested at various times that if the solar system was 
formed in this way, the sun might at the same time have broken up 
the star, which would thereby have acquired a set of planets of its own. 
This, however, is not possible. Equations (4) or (5) can be written 

B) agate & 
R33 > Os . 
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This is the condition that the mass M shall be broken up. The corre- 
sponding condition that M’ shall be broken up is 


Re a teeter. (6), 

where a’ is the radius of M’. From these two equations we get 
WU) Ys fe ge mR iO: PD ee Cis 
But Fisen( a. did) \e 4aas «aii yak! ly Meals: (8), 


and therefore (7) cannot be satisfied. Only one of the stars concerned in 
a tidal encounter can be broken up. 


2:3. The Density of the Primitive Sun. So far the only postulate we 
have made about the condition of the primitive sun is that its density 
was not nearly uniform; it must have been strongly condensed towards 
the centre. There is good reason, however, to believe* that the time 
that has elapsed since the events we are discussing is so small a fraction 
of the life of a star that we are justified in supposing the sun to have been 
in practically its: present state. The present mass, radius, and mean 
density of the sun will therefore be adopted here. 


2-4. The Rupture of the Filament. Whether the encounter was slow or 
transitory, the result must therefore have been the formation of a long 
protuberance towards the star; transverse motion, if any, would be in 
the plane of the star’s relative motion. In either case it is possible, though 
not necessary, for a shorter protuberance to be formed on the side away 
from the star; this depends on the mass of the star and on its distance 
of closest approach. In the slow encounter the filament would be formed 
by ejection of matter from a limited region of the boundary; the shorter 
filament, if formed, would be diametrically opposite to it. In a transitory 
encounter the whole envelope would commence to be stretched, the out- 
ward velocity relative to the central body being greatest on the side 
nearest to the periastron, a smaller outward velocity being also produced 
on the opposite side. The actual encounter would be of intermediate 
type. The longer protuberance produced will in general be called “the 
filament.’ 

We have now to consider the subsequent development of the system. 
As the star retreated, much of the matter drawn out, including perhaps 
the whole of the shorter protuberance, must have fallen back into the 
sun. The outer portions of the longer one would, however, continue to 
recede from the sun, and, being deflected transversely by the star, would 
miss the sun on the return journey and continue to revolve around it. 


* See later, p. 77. 
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There is no necessary upper limit to the length of a filament produced 
in this way; if the initial velocity was greater than the parabolic velocity 
at the point of emission, gravity would be unable to prevent the first 
matter drawn out from receding to an infinite distance, and the fluid 
pressure of the matter behind it would always be pushing it onwards. 
Thus we should expect a long narrow filament to be formed. 

It may be mentioned that none of the ejected matter would be carried 
off by the star. This could happen only if this matter had relative to the 
star a velocity less than the parabolic velocity. But the velocity of the 
sun relative to the star was at all instants greater than the parabolic 
velocity, otherwise the sun and star would still be associated; and the 
ejected matter was initially stationary with reference to the sun. Hence 
its velocity relative to the star was always greater than the parabolic 
velocity. Some matter may have been lost to both bodies, and probably 
was; but none was carried off by the star. 

If such a strip were steadily drawn out under the joint influence of 
the sun and the star, the mass per unit length in any region of it would 
presumably vary steadily with the distance from the sun, having possibly 
one maximum in the middle. If, however, it received a slight distortion, 
the mass per unit length in some region being increased, it is possible 
that the extra gravitative power of this region would draw other matter 
towards it. The disturbance would then increase exponentially with the 
time, and therefore a condensation would be formed in the filament. 

The theory of the aggregation of a gaseous filament in this way has 
been outlined by Jeans (loc. cit. pp. 157-60). Condensation would begin 
when the length of the strip already ejected reached the value 


pote (zy veh (1), 


where c is the velocity of sound in the gas. The ejected portion would then 
begin to detach itself from the main body; thenceforth it would lead an 
independent existence as a planet. If ejection continued, a second planet 
would be formed, and others would follow until ejection ceased. Those 
formed last would fall back into the sun as the disturbing body receded, 
but the early ones would retain their identity. 

The above condition is necessary for condensation, but not sufficient. 
Two factors will tend to make a gaseous filament dissipate itself instead 
of condensing; namely, first, the tendency of a gas to spread itself out 
into the surrounding vacuum, and second, the tidal disruptive action of 
the sun itself. A gas suddenly liberated into a vacuum will spread out with 
a velocity equal to a moderate multiple of the velocity of sound in the gas. 
According to the usual, but probably inaccurate, formula*, the velocity 


* Ramsey, Hydromechanics, Part II, 1913, 59. 
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of efflux of a gas into a vacuum should be (4)'e where y is the ratio 
y— 


of the specific heats. For a monatomic gas this amounts to V3c. The 
condition that the filament should not dissipate itself is that this must 
be less than the velocity necessary to remove a particle from the gravitative 
influence of the filament. It is, however, more convenient mathematically 
to consider the corresponding criterion for a primitive planet. If a be the 
radius of such a planet, and m its mass, this condition shows that 


Sele Bini 6 Sw Ne yes (2). 
If } be the radius of the filament and we assume that the density did not 


change considerably while a section was collecting into a nearly spherical 
form, we have 


ie ="arpb4l = Srpae a taalee (3), 
and therefore BCe ee TpU mee = = Mu csenecs (4). 
But from (1) we have Cr fol? dassaeays (5), 
T 
and from (4) and (5) we find a> i Saeeaenee (6). 
T 
27 
3h2] — 3 cee LS 
But 3671 = a8 > aaae dagnae es (7), 
whence ped 57 HE) ce ek ML ai ahh a a 1 (8). 


Hence the length and thickness of a section of the filament at rupture 
would be comparable, and there is no reason to suppose that sufficiently 
great changes took place in the ratio of its longitudinal and transverse 
dimensions to invalidate the supposition that the order of magnitude of 
the density remained unaltered during the adoption of the nearly spherical 
form. 
Now substituting for a and / in (3) we find in turn 
23 32 Bhat We 
Whe a PE > OF Od ah of made (9). 


This gives a lower limit to the mass of a planet that could be formed by 
gradual condensation of a gaseous filament. For nitrogen at 273° absolute 
the value of c is about 3 x 104cm./sec. It is proportional to the square 
root of the absolute temperature and to the inverse square root of the 
molecular weight. Monatomic silicon would have the same molecular 
weight as diatomic nitrogen. The effective temperature and mean density 


of the sun were nearly as at present, say 5860° abs. and 1-4 gm./cm.? 
5860 

Thus ¢ for silicon at 5860° would be 3 x 104 (ae) or 1-4 x 105 cm./sec. 

The sun would be condensed towards the centre, and the ejected matter 


would be less dense than the average. We may take as working hypotheses 
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densities of 1:0 and 0-1 gm./cm.* These give for the critical values, re- 


eae? m > 1:56 x 10% or > 47 x 10% om. | wees. (10), 
2 

Ce ( us ik > 3:3 x 108 or > 10-4 x 10% cm. ......... (11). 
8aifp 


For comparison we notice that the mass of Mercury is 2 x 10° gm. and 
its radius 2-2 x 108 cm. The theory thus appears to account for the forma- 
tion of planets of the actual masses. The present radius must of course 
be less than a, which was the radius in the gaseous state. On the other 
hand a comes out much less than the radius of the sun, as it ought. 


2-44. There is, however, a definite lower limit to the possible masses 
of planets produced by gradual condensation from matter ejected from 
a gaseous star. For, returning to equation 2-4 (2), 

el a 8 () (ee Scot cc (1), 
and supposing that when the planet ultimately solidified its radius was 
a’ and its density p’, we have 

G>@>- * -* a oe eee (2), 
since the body must contract in passing from the gaseous to the solid 
state. Hence 


3c8 = Zina eee (3). 
If the density of the solid planet is taken as 3 gm./cm.°, m is nearly 12a’, 
SNOT 24fa'? S38. ee (4), 
which with the data so far adopted gives 
6. > 210% cm, eee (5), 


roughly. Thus no planet with a radius less than 2000 km. could have been 
formed by gradual condensation from the gaseous state. 

If the density of the body when solid is 1 gm./em.*, which is near the 
truth for many satellites, the critical radius is 3400 km., nearly that of 
the largest satellite of Jupiter. 

This result is not dependent on any particular theory of the origin 
of the solar system, and the existence of many bodies within the system 
whose sizes fall below this limit establishes, as decisively as anything can 
be established in cosmogony, that these bodies were not formed by slow 
condensation from the gaseous state. They include all the asteroids, and 
all or nearly all the satellites. Thus at least two processes must have been 
operative in the formation of the planets and their satellites. 


2-5. The Condensation of the Planets. The cooling of a condensation 
as massive as the great planets can now be described in some detail. 
Eddington has shown* that in a giant star a column of matter containing 


* M.N.R.A.S. 77, 1917, 602. 
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_ one gram per square centimetre of cross section would absorb all but the 
fraction e~** of the radiation falling normally on its end. With the above 
data, radiation from the centre to the circumference would have to traverse 
1-5 x 10® grams per square centimetre before reaching the outside, and 
therefore, unless the opacity dropped to a ten-millionth or less of its 
previous value as soon as it was ejected, it is justifiable to regard the 
radiation emitted by the filament and the primitive condensations as 
coming from a surface layer. 

Imagine a sphere of radius a and effective temperature V; let its mean 
density be p and let us denote Stefan’s constant by o. Then the total rate 
of loss of energy by radiation is 470a?V*, and the rate of loss per gram of 
matter is 30V*/oa. Taking 

o (1°)4= 5 x 10 ergs/cm.? sec., 

V = 5860°, 

p— 1 om./em.*, 

a@= 33 < 10% em., 
the rate of loss of energy is 536 ergs per gram per second, or 1:3 x 10-5 
calorie per gram per second. Thus the loss of heat would be at the rate 
of 420 calories per gram per year, which would liquefy the smaller planets 
in a few revolutions about the sun. Cooling would be delayed by internal 
atomic changes, energy set free by contraction, and solar radiation. All 
of these would be less effective in a gaseous planet than in the sun, and 
as they were in approximate equilibrium with radiation before the dis- 
ruption, radiation would overwhelm them after it. 

The mutual gravitation of the parts of a great planet would therefore 
hold it together, while radiation from the surface would gradually liquefy 
it. Since cooling would take place at the outside, drops would be formed 
there and would fali inwards under gravity. They would collect with the 
densest at the centre; solidification would in due course set in and proceed 
till complete. 


2-51. Smaller masses of the same original density, or less dense masses 
of the same linear dimensions, would have a much more complicated 
history. In this case the attraction of the filament or of the condensation 
would be inadequate to retain the outer portions, which would therefore 
spread out with a velocity not exceeding 1/3 times the velocity of sound. 
Radiation would continue simultaneously. If A denote the area of a portion 
of the surface, the rate of loss of energy by radiation is cA V*. The tem- 
perature would fall to the boiling point by radiation still more quickly than 
in the case of a larger mass. Further radiation would produce liquefaction, 
and a volume of gas equal to cA V4/pL would therefore liquefy in unit time, 
where L is the latent heat of evaporation. Meanwhile the rate of increase 


of volume through spreading would be V 3Ac. If the former of these was 
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the greater, the reduction in volume through liquefaction would leave 
sufficient space to accommodate the expanding gases. The mass would 
therefore condense into liquid drops near the outside, and the still un- 
condensed gases would spread so as to fill only partially the space left 
by condensation. Thus expansion in volume would cease. The condition 
for this is that p shall be less than oV4/V3Lc, which with our previous 
data, taking Z equal to 600 calories per gram, or 24 x 10° ergs per gram, 
is 1:0 x 10-5 gm./cm.? If the matter was originally more dense than this, 
and gravity was insufficient to control its expansion, it would expand 
approximately adiabatically until it reached the critical density, when it 
would proceed to cool principally by radiation. If it cooled to the boiling 
point during the adiabatic expansion, much of it would have liquefied 
before it reached the critical density; if it had not cooled so far, it would 
liquefy at this density. This critical density is so much less than the 
probable density of the ejected matter that it is practically certain that 
adiabatic expansion would have produced liquefaction before the critical 
density was reached. 

The drops formed would be at the same temperature as the gas that 
produced them. Now the velocity of agitation in a monatomic gas is (2)2c. 
The velocity of efflux is therefore 1-3 times the velocity of agitation. Thus 
the matter liquefying must be composed of molecules moving both inwards 
and outwards, for if they were all moving outwards their velocities could 
not differ enough among themselves to give the actual velocity of agitation. 
The effective front of the matter spreading out is composed chiefly of 
molecules moving forwards, and therefore the condensation must take 
place some distance behind the effective front; the latter goes straight on 
and is lost to the planet. Now the mass velocity of a drop after liquefaction 
would be the mean of the previous outward velocities of all its molecules, 
and since many of these would be negative, the drops would move outward 
with velocities much less than that of the effective front. If their velocity 
was still too great for them to be retained by the gravitation of the planet, 
they would pass off and be lost; but their inertia would delay the expansion 
of the gas following them, and thereby reduce the rate of expansion of 
the whole. It appears probable that the rate of expansion would ultimately 
be reduced to a very small fraction of the velocity of sound, and the con- 
densation would become a system of liquid particles in an approximately 
stationary gaseous medium. The details of the process would be very 
difficult to follow out theoretically, but it appears possible that the velocity 
of expansion might be reduced to such an extent that gravity could control 
it. Thus adiabatic cooling leads to much the same result as radiative 
cooling would; the relation between them is that adiabatic cooling is the 
more important when the density is greater than the critical density, and 
that if the density ever falls to the critical value, or if it was initially 
below it, radiative cooling then takes the more prominent part. 
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2-52. In any mode of aggregation a planet would pass through a 
liquid stage. For the drops would be at the boiling point to start with, 
and would fall in towards the centre through a mass of gas at a temperature 
still far above their own, and the temperature of the gas would necessarily 
increase inwards on any theory of its thermodynamics. Thus their tem- 
perature would be raised both by conduction and by friction. When they 
reached the centre they would come to rest, being further heated by their 
mutual impacts, and would form a liquid core. Thenceforth the core would 
continue to be heated by contact with the surrounding gas. This would 
partially condense on the core, which would itself be thereby heated to a 
temperature not greater than the boiling point at the actual pressure. 
The outer gases might either condense, the drops falling in to augment 
the nucleus, or else pass off into space; but it is certain that any matter 
aggregated into the nucleus would be liquid. 

The last point is of capital importance in the development of geophysical 
theory, and therefore merits further consideration, which may conveniently 
be given here. It has been asserted by Chamberlin and others* that the 
drops would cool not only to the liquid but to the solid state, and that 
the nucleus of a small planet would accordingly have been initially and 
permanently solid. The objection is that a liquid particle falling through 
gas would necessarily be heated; if therefore it was to cool further it 
would have to emerge from the region occupied by gas. Thus it would have 
to continue to move outwards with a velocity greater than the velocity 
of expansion of the gas, which by hypothesis is itself too great to be 
controlled by gravity. Thus such a particle would be lost to the con- 
densation. If on the other hand the planet was of such mass that it could 
control particles moving at the surface with the velocity of efflux of a 
gas into a vacuum, it is certain that liquid particles would commence to 
fall inwards as soon as they were formed. Thus in the case of a large planet 
the formation of a liquid core is certain; in the case of a lighter planet the 
alternatives are either a planet formerly fluid or no planet at all. 

It has also been thought by Chamberlin and others that adiabatic 
cooling would proceed after condensation and continue till the mass was 
solid and cold. This is impossible, by what has been said above, since the 
surroundings would always be as hot as the core. But even if free 
cooling of the drops was possible, they would still not be cooled to the 
solid state by adiabatic cooling. For adiabatic cooling below the boiling 
point can be caused only by evaporation, and therefore could not lower 
the temperature below a point where the vapour pressure is insignificant. 
Thus the temperature could never be reduced in this way by more than 
200° at most below the boiling point. But the difference between the 
boiling points and melting points of silicon and heavy metals is at least 
several hundred degrees. Hence adiabatic cooling could reduce the 

* See Appendix A. 
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substance of the planets at most to the liquid state and not to the solid 
state. If evaporation was appreciable in substances with high melting points 
when fused, the casting of iron and the melting of glass should produce a 
great amount of distillation of iron and glass on to the factory walls, which 
does not take place. 


2-53. Returning now to the question of the disruptive action of the 
sun we see that it could not impede condensation. For it was virtually 
taken into account by Jeans in finding the condition that the filament 
might break up into detached masses, and the length of the segments 
obtained by him is practically determined by the condition that the matter 
may be far enough from the sun not to be broken up further. As it receded 
from the sun, it would become more nearly spherical and more dense, 
and on both grounds the sun’s disruptive influence would diminish, apart 
from the direct effect of distance. 


2-54. In this way a number of liquid planets of varying sizes would 
be formed. They would move in orbits about the sun, all in one direction 
and approximately in one plane. Their outward motion would not in 
general be annulled during the passage of the star, so that after the 
encounter they would have considerable velocities away from the sun; 
in other words, their orbits would be highly eccentric. 


2:6. Buffon’s Theory. At this stage we may quote the passage from 
Laplace’s Systéme du monde that was omitted on p. 6. It is as follows: 


Buffon is the only person I know who, since the true system of the world 
was discovered, has attempted to find out the origin of the planets and 
satellites. He supposes that a comet, falling upon the sun, drove from it a 
torrent of matter, which united far away into several globes of various sizes 
and at various distances from that body. These globes are the planets and 
satellites, which, by cooling, have become opaque and solid. 

This hypothesis satisfies the first of the five conditions already mentioned* ; 
for it is clear that all the bodies thus formed must move nearly in the plane that 
included the centre of the sun and the path of the torrent of matter that formed 
them. The four other phenomena appear to me inexplicable by this means. In 
truth, the absolute movement of the molecules of a planet must be in the 
direction of the motion of its centre of gravity, but it does not follow that the 
rotation of the planet will be in the same sense. Thus, the earth could turn 
from east to west, and yet the absolute movement of each of its molecules could 
be from west to east. This applies also to the motion of revolution of the satellites, 
whose direction, on this hypothesis, is not necessarily the same as that of the 
motion of their primaries. 

The smallness of the eccentricities of the planetary orbits is not only very 
difficult to explain on this hypothesis, but actually contrary to it. We know 
from the theory of central forces that if a body, moving in a closed orbit about 
the sun, touches the surface of that luminary, it will return there in every 
revolution. Hence it follows that if the planets had been primitively detached 


* See 1-1. 
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from the sun, they would touch it at each revolution, and their orbits, instead 
of being circular, would be very eccentric. It is true that a torrent of matter 
expelled from the sun cannot be exactly compared to a globe grazing the surface: 
the pressure and the gravitational attraction between the parts of the torrent 
may change the directions of their movements and make their perihelia recede 
from the sun. But their orbits must remain permanently very eccentric; or, at 
least, they could have had small eccentricities only by the most extraordinary 
chance. Finally, one sees no reason, on Buffon’s hypothesis, why the orbits of 
the comets already observed, about ninety in number, are all very much 
elongated; this hypothesis is therefore far from satisfying our conditions. 

If in Buffon’s hypothesis we replace ‘comet’ by ‘star more massive 
than the sun’ and ‘falling upon the sun’ by ‘approaching very close to 
the sun,’ we have a hypothesis with a close resemblance to the one that 
has been elaborated in this chapter. We must, therefore, be prepared to 
meet Laplace’s objections. We note that his second point is certainly false, 
eight retrograde satellites being now known; and the third point is untrue 
of Uranus and probably of Neptune. The fifth remains a difficulty, comets 
not having yet been satisfactorily included in any cosmogonical hypothesis 
(Laplace’s own being no exception). The fourth point has now been met*, 
and it appears that the present small eccentricities of the planetary orbits 
are perfectly consistent with the tidal theory. 


2-7. It will be noticed that in the primitive sun the lightest materials 
would be in the outer layers; they would therefore be the first ejected, 
and would proceed to the greatest distances from the sun. Thus the outer- 
most planets would be expected to be composed of the lightest materials 
and to have the lowest densities, as they have. If any matter was expelled 
from the solar system altogether, as is quite possible, it would be the 
lightest of all. The effect would, however, have been intensified by the 
fact that the lighter planets would have lost much more of their lighter 
materials, and would thus have come to contain a greater proportion of 
heavy constituents than they originally possessed. 

It has been seen that much expelled matter must have fallen back into 
the sun, taking with it the angular momentum that it acquired during its 
journey. Hence the sun acquired a rotation, the plane of its equator being 
near the planes of the motions of the planets, as it actually is. 


2:8. The Origin of Satellites. It appears unlikely that all the bodies 
in the solar system were produced in the disruption already discussed. 
The diameter and density of the filament would certainly vary from point 
to point, but it is incredible that they could vary in such an irregular way 
as to account for the occurrence of bodies with such widely different masses 
as Saturn and its satellites in close proximity and between two other 
bodies both comparable in mass with Saturn. This is to take only one 
example of the difficulties presented by the wide differences in mass 

* See Chapter IV. 
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between the outer planets and their satellites. A natural suggestion is 
that the satellites were formed from the planets. They could not have 
been formed by gradual condensation of the planets, for every argument 
used against the Laplacian theory of the origin of the planets and against 
its modifications is equally applicable to the corresponding theories of the 
origin of the satellites from the planets. The tidal theory, on the other 
hand, is applicable to this problem also. Each nucleus would pass near 
the sun at its first perihelion after it was formed. How near to the sun 
it would pass presents a perhaps quite intractable question in the Problem 
of Three Bodies; but it is at least plausible that the perihelion distance 
would be less than the distance of its centre from the sun when it first 
took a spherical form. The latter distance is specified by the condition 
that the body could just hold itself together in spite of the disruptive 
tidal action of the sun. If it had not condensed appreciably during its 
first revolution it would therefore be broken up by solar tidal action at 
its first perihelion. If it approached more closely it might be broken up 
even in spite of the condensation. A filament would then be produced by 
the planet, and would go through a process of development similar to that of 
the filament ejected by the sun. This is the mode of origin of the satellites 
suggested by Jeans. It is not, however, a complete account. Just as the 
planets necessarily move in one direction around the sun, any satellite 
would necessarily move in that direction about its primary if it had been 
produced in this way and always remained with its primary. But just 
as in the first great disruption much matter might have acquired a great 
enough velocity to expel it from the sun’s influence altogether, so in these 
minor disruptions some satellites formed might have been permanently 
lost to their primaries and proceeded to describe independent orbits about 
the sun. It is possible that in their later development they would be 
captured* by their own parents or by other planets, or they might remain 
permanently independent. 

The smaller planets may have become largely liquid before passing 
perihelion for the first time. If so, Jeans’s theory of the tidal disruption 
of incompressible masses would apply to them}. Equation (102) of his 
paper implies that a fluid planet could exist close to the sun’s surface if 
its density exceeded 10-6 times the sun’s mean density, or 15 gm./em.3 
A sufficiently close approach to the sun would break up any planet even 
in its present state, but the approach would have to be very close for the 
dense terrestrial planets. Tidal disruption of a liquid body would give a 
satellite or satellites comparable in size with the primary. Such a theory 
therefore offers hope of accounting for the moon, but not for the satellites 
of Mars. 

This argument is not applicable to the great planets, for they would 


* See later, Chapter IV. 
+ Memoirs R.A.S. 62, 1917, 35. 
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be still distended at their first perihelion passage, and would not reach 
a density that would forbid disruption until after a few revolutions. 

It has been pointed out that the falling back into the sun of temporarily 
expelled matter would account for the sun’s rotation; similarly the rotation 
of the planets may be explained. It is suggestive that the only planets 
with swift direct rotations are those whose direct-moving satellites indicate 
that they have been broken up by tidal action. The angular momenta of 
revolution of the satellites of the great planets are, however, much less 
than those of the rotations of the planets, so that this hypothesis cannot 
be accepted without a great deal of examination. 

With regard to the method of condensation of the bodies produced, it 
is probable that all the planets solidified by the process of 2-5 and all the 
satellites by that of 2-51. But the terrestrial planets have densities several 
times those of the great planets and their satellites, suggesting that they 
lost much of their lighter constituents during condensation. , 


2-9. Summary. A theory of the origin of the solar system, partly based 
on that of Jeans, has been developed. The sun, while in the giant stage, 
is supposed to have been broken up by the tidal action of a passing star 
several times more massive than itself. It is unlikely that the sun’s size, 
density, and temperature at the time of the encounter differed to any 
notable extent from their present values. The encounter did not approxi- 
mate either to Jeans’s ‘slow’ or to his ‘transitory’ type. A slow encounter 
is dynamically impossible, while the matter ejected in a true transitory 
encounter would all fall back into the sun and be reabsorbed. 

Accordingly the encounter must have been of intermediate type. The 
ejected matter, as it emerged from the sun, collected into nuclei. These 
continued to move outwards, but were deflected sideways by the star, 
and thus proceeded to move around the sun in one direction and nearly 
in one plane. The mass of the smallest nucleus able to retain its chief 
present constituents must have been comparable with that of Mercury. 
The great outer planets must therefore have retained all their constituents, 
while the smaller planets have probably lost a large part of their lighter 
ones; thus the fact that the great planets have low densities may be 
explicable. 

The condensation of the great planets was a straightforward process, 
each passing steadily through the gaseous state to the liquid state through 
loss of heat by radiation from the outside. The smaller ones and the 
satellites had a more complicated history. They would form drops at the 
outside, and these would fall in towards the centre, forming liquid cores; 
but at the same time a large fraction of their mass would probably be lost. 

When the terrestrial planets had reached the liquid state they might 
continue to cool adiabatically by evaporation from the surface; but 
evaporation alone would not have sufficed to bring them to the solid state, 


3-2 


36 The Tidal Theory of the Origin of the Solar System 


for it would have become inappreciable before they had cooled so far. Thus 
all the planets must have gone through a liquid stage, passing gradually 
into the solid state by cooling from the surface. 

Most of the satellites were probably formed by the tidal disruption of 
their primaries by the sun when they passed perihelion for the first time. 
This hypothesis accounts readily for the general resemblance of the sub- 
systems of the great planets to the solar system as a whole, and for the 
dissimilarity of the subsystems of the terrestrial planets. It suggests also 
that a number of satellites were detached completely from their original 
parents and became for a time independent planets. An alternative 
explanation is available for the origin of the moon, as will be seen in 
Chapter IIT. The possible subsequent history of the lost satellites will be 
discussed in 4-4. 


CHAPTER III 
The Origin of the Moon 


“There is a tide in the affairs of men 
Which taken at the flood leads on to fortune.” 
SHAKESPEARE, Julius Caesar, Iv, 3. 


3-1. Our moon has probably had a very different origin and history 
from any other satellite. Although the earth is the second smallest planet 
to possess a satellite at all, the moon is the fifth most massive satellite in 
the whole system. Its mass is 4, of that of the earth, while the best 
estimates available of the masses of other satellites indicate that the only 
heavier ones are J I, J III, J IV, and Titan, whose masses are respectively 
gy» ay> ry» and #, of that of the earth. The ratios of the masses of these 
large satellites to those of their primaries are 5457, zlgp> aah$qn> and 
a7sa*. We have seen that if the earth had become liquid and later been 
broken up by tides raised by the sun, a relatively large satellite would be 
expected. In the first edition of this work this possibility was excluded, 
because it was assumed throughout that the sun at the time was very 
distended. The earth when liquid cannot have been much more bulky 
than at present, and we have seen that the sun could not have broken it 
up unless the density of the sun exceeded ;4 of that of the earth. This 
was inconsistent with the hypothesis of any notable distension of the sun. 
But now that we are regarding the primitive sun as having had nearly 
its present density, tidal disruption of the liquid earth becomes possible. 
It is still, however, hardly probable, because the approach required must 
be within about 1-4 solar radii of the centre of the sun. 

Of the other alternatives, it is perhaps just possible that the moon 
was originally an independent planet, though it is much less massive than 
any existing planet. It cannot have been formed from any planet other 
than the earth; not from another terrestrial planet, because this would 
intensify the difficulty with regard to its mass; not from an outer planet, 
because a lost satellite would be expected to be of lighter materials than 
the retained satellites, and actually the moon is far the densest satellite 
in the system. 


3-2. There remains the possibility that the moon was actually formed 
from the earth by the action of the solar tides, but with the aid of another 
circumstance. Such a theory was suggested by Sir G. H. Darwin}. Con- 
sider for a moment a man in a swing. If he is pulled back for a moment 


* Cf. R. A. Sampson, Memoirs R.A.S. 63, 1921, 178. 
+ Phil. Trans. 170, 1879, Part I, 537. 


38 The Origin of the Moon 


and released, he performs a few oscillations and gradually comes to rest. 
But if we give him a push every time he is nearest to us, the extent of 
the oscillations becomes greater every time, and if friction were absent, 
it would be possible to increase the amplitude indefinitely. This increase 
in the extent of a vibration when the external force has a period equal 
to the natural period is known as ‘resonance.’ If the earth, when it was 
wholly or partially liquid, received a small distortion so that its equator 
became an ellipse, it would oscillate backwards and forwards about the 
symmetrical form until friction brought it to rest. The period of this 
motion would be about two hours. But we can show that the angular 
momentum of the earth-moon system is such that, if the earth and moon 
ever formed a single body, this must have rotated in about four hours. 
Now the solar semidiurnal tide is just such an oscillation as we have been 
considering, and the period of the disturbance in height at any station is 
half the period of rotation, in this case two hours. Hence the amplitude 
of the oscillation would grow to be very great. There appears to be no 
limit to the amplitude of the tide that could be produced in this way. 
For suppose the oscillation to have continued long enough for its amplitude 
to have become steady, and consider the elevation of the surface at the 
point vertically below the sun. If the free period was shorter than the 
period of the tide, the tidal elevation would be positive, in accordance 
with the ordinary theory of forced oscillations; but if the period of the 
tide was the shorter, the elevation would be negative. Hence if the earth 
was condensing slowly, both periods changing slowly, and the one that 
was formerly the shorter became the longer, the elevation would change 
its sign. It could do this only by passing through zero or infinity. The 
former alternative implies that when perfect resonance is attained there 
would be no tide, which is unplausible; the latter implies that if only the 
conditions for resonance persisted for a long enough time there is no limit 
to the extent of the tide that could be produced. Thus the earth would 
be gradually stretched out in the direction of the sun. When the dis- 
turbance became great enough, the mass would break into two parts in 
much the same way as Jeans showed to be possible for a homogeneous 
liquid mass undergoing a slow tidal encounter without resonance. 

Love* and Bryan} determined the angular velocity that the earth 
would have had to have in order to produce a satellite in this way, sup- 
posing the earth to have been homogeneous, but Moultont showed that 
the angular momentum in the system is too small to give the velocity of 
rotation required. It was found by the present writer, however, that when 
we take into account the fact that the earth is not homogeneous, the 
conditions become much more favourable to the theory. The oscillations 
of a heterogeneous mass in three dimensions have so far presented an 


* Phil. Mag. (5), 27, 1889, 254-264. + Phil. Trans. 153 a, 1889, 187-219. 
{ T. C. Chamberlin and others, The tidal and other problems, Carnegie Institute. 
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intractable problem, but the corresponding two-dimensional problem has 
been solved, and it is found that homogeneity is the least favourable case 
to the theory that is possible. The modification produced in the numerical 
results by allowing as much heterogeneity in the two-dimensional problem 
as exists in the actual earth is found to be as great as is required to remove 
the discrepancy found by Moulton. 


3-21. The Free Vibrations of a Heterogeneous Liquid Cylinder. In the 
equilibrium state the liquid is supposed to form two layers, an inner 
circular cylinder of density p (1 + 7) and radius a, = aa, surrounded by 
an outer layer of density p and radius a. Let the axis of z be along the 
centre of the cylinder, and suppose a constraint to prevent motion along 
the cylinder. Let the angular velocity be w. The equations of motion, 
referred to rectangular axes rotating with this speed, are 


; oe) vo 
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where w and v are the rates of change of the coordinates of a given particle, 
p is the pressure, and U the gravitation potential; w and v are supposed 
small, The equation of continuity is 
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By cross-differentiation we at once find 
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so that in all periodic motions 
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Hence there are a velocity potential ® and a stream function ’ giving 
the motion relative to the rotating axes. Then 


Rodi=60 anda? 0 See (4). 


This will hold for both layers. 
Let the equations of the bounding layers in cylindrical polar coordinates 
in the disturbed position be respectively 


r=a+q cos(nd+ B)=a+aQ, | 
r= a, + Gq cos (nb + y) = a + HS, say 


where 8 and y may be functions of the time and q and q, are small. 
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Then the gravitation potentials in the outer and inner layers are 
0) n 
U,= — nfp (7? —a*) — 2nfpnay*log + cite Ja98 (7 =) + QS; (*) ...(6), 
U,= — afp (r? — a2) — afpy (r? — a?) Ss {a9 (7 if + 70498; (=) eet). 


When r = a, let the part of — a that is independent of ¢ be g; and 


when r = a,, let the part independent of ¢ be gy. 
We have further 
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Assume next that in the inner and outer layers the velocity potentials 


have the forms n\n a\” 
©, = (“) K+ (F) oe ce ae (9), 
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where K,, K,, and K, are harmonic functions of n¢é. Then the stream 
functions are obtained by writing 


ng — 5 for nd in K, and K;, and ng + % for tb Th Ky ce..c: (11). 
Then the boundary conditions give 
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At the outer surface Y= d aq S (: aud — 5)3 

dt n 2/° 

: d aa 
at the inner surface Y= ah — gS; (ng = 5) 


At the outer surface the pressure is constant. Therefore 


U — - + wagS — 2w¥ = constant, 
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At the inner surface the pressure is continuous. Hence 
2 

ae WVS4 + ave (qSa" + nqySya) + waagyS, — dw - qs (» ta al 
aa na da (2qSa" — qSya (1 + a)} 
) n dt? (G51) 4 dé n (1 = an) Wc sieiee 

So far nothing has been assumed about the form of the wave, save that 
S and 8S, are circular functions of the nth order. Suppose now that the 
wave travels with its form unchanged and that the speed of the vibration 
at any point is p. Then q and q, are constants, and S and S, are of the 
form cos (nd — pt+ B). 
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The period equation is therefore 
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In the homogeneous case 7 = 0, and this equation reduces to 
p? + 2wp + nw? + 2xrfp —ng/a=0 or p?=0......... (21). 

The zero roots give merely a displacement of the inner boundary 
without the outer being affected, which is obviously possible when the 
densities are equal. 

In the other type of oscillation the sum of the two possible speeds is 
— 2w, as was proved by Bryan for the corresponding three-dimensional 
problem. Further, in the case of the form of bifurcation (n = 2, p = 0) 
w? = mfp, as was found by Jeans*. 

We wish to know whether heterogeneity causes resonance or instability 
to occur for a smaller value of the angular velocity when the mean density 
is the same. Now the mean density is p (1 + ya?), and hence the angular 
velocity that would cause both these conditions in a homogeneous cylinder 
with the same mean density is given by 

Ca A a MRE ye ee RR (22). 

* ‘The Equilibrium of Rotating Liquid Cylinders,’ Phil. Trans. 200 4, 1903, 81. 
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Resonance will occur in the heterogeneous case if one value of p is 
— 2w. In this case the angular velocity w, is given by 


2 
1 a a “ETD gant + Qf (1+ 2mae + Qqar) + me® (1 + ne 


a 
+4 (na? + 2afp — a (ne + 2nfpyn — = — 477? f2p2n?0" = 0 ...(23). 
Instability will commence with an angular velocity w; given by putting 
p= 0. Then 


(nw? + 2nfp — “0 (m0? + 2mfon — 761) — 4ir*f2p?na7" = 0 ...... (24). 
As we are restricted to a two-dimensional problem and only require 
approximate results to indicate the direction of the effect of heterogeneity, 
accurate correspondence with the actual case is unnecessary. We shall 
sect aa >= 3-2, y= 150; « = 0-66. 
Then p (1+ 7) = 8-0; g/a = 3:30zfp; g,/aa = 5-00zfp......... (25). 


This makes the two densities, and the ratio of the amounts of matter 
of the two densities, about the same as in Wiechert’s hypothesis of the 
structure of the earth. Then 


O,7/ tip 6a. oe ee eee (26). 

Putting n = 2 we find 
ws*/afp = 0-71 or 2:10, \ ee ices (27), 
@s*/afp = 2°03 or 3°74. 77 ease (28). 


If a widely diffused cylindrical mass with the density distributed in 
this way condenses so as to keep a constant, p and w increase like a-®, 
Thus w?/zfp increases like a-?, and resonance will occur when it reaches 
the value 0-71, which is only 0-43 of the value needed to produce resonance 
and instability in a homogeneous mass with the same mean density. Thus 
heterogeneity encourages resonance; the fact that the smaller value of 
w," is greater than w,” indicates that it discourages instability. 

In general, put p = kw and w?/mfp = X. Then the period equation for 
n= 2 is 


me 2 Pp, yes oh 
| (1+ 2qat) +A(1 +k + yer tS) 
/ : ke k2r )2 
| (2+) 4 A(l tk-+ $k? 4 aaah In ia a* = 0,,.(29). 


This may be regarded as a quadratic in A when k is known. The solution 
is given in the table. In the last two columns A) is the value of w®/zfp 
for a homogeneous cylinder of density p (1 + ya2), so that a direct com- 
parison is obtained between heterogeneous and homogeneous cylinders of 
the same mean density. 
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k r at kn do? kg? 
a "—————~_ ———' —_—_—=<. 
cs 0 0 0 0 153 2-06 0-00 1-82 
3 0-200 0-254 0-447 0-504 1:34 151 0:44 1:33 
2 0-367 0-423 0-606 0-650 121 130 0-57 1-15 
1 0-83 1-05 0-91 1-03 0-91 1:03 O81 0-81 
05 1:30 1-95 1-14 1-40 0-57 O70 1-01 0-50 
0 2:03 3-74 1-42 1-93 0:00 0:00 1-28 0-00 
—05 2:83 5-43 168 2-33 =~ 084. =112 168 —083 
—-10 2:34 4.23 1:53 2-06 [63,2 20G0 1. Fee. 25 1:82 
—20 O71 2-10 0-84 = 1-45 —168 -—290 1:28 —2-57 
—@ 0 ) 0 0 —153 -—206 000 —1-82 


In the diagram the full curves show the variation of kA? with 2, or 
for masses with the same densities, of p with w. The two branches of the 
curve approach very closely near k = 2, 
but do not intersect. The dotted curve 
is obtained by plotting kA? against 
A,?, so that it shows the speeds on the 
same scale for masses of the same mean 
density. The condition for resonance is 
given by the intersection of the curves 
with the line p= — 2w or k= — 2, 
and it is at once seen that hetero- 
geneity causes this to be satisfied for 
a much smaller value of the rotation 
than was otherwise needed. Further, 
if a be made to approach to unity, 
two of the values of k can be made to 
approach zero as closely as we like, 
while A retains any finite value. Hence 
by making the depth of the outer layer 
small enough we can make resonance 
occur for as small a value of the 
rotation as we please. It appears 
physically probable that the same will 
be true in the three-dimensional pro- 
blem. 


Fig. 3 


3:3. The Original Period of Rotation. If C is the earth’s greatest 
moment of inertia, M its mass, and a its radius, 
CE TE tee Oe gh ee pees (1). 
Let w and n be the respective angular velocities of the earth’s rotation 


and the moon’s revolution at present; let c be the moon’s distance and 
m its mass. Then the angular momentum of the system is 


Cw + 


M 2, 
eg eee er Tee (2). 
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Now w = 7:29 x 10-5/1 sec. The moment of inertia of the combined body 
before separation would be approximately CO (M + m)im-5, apart from the 
increase due to flattening. Hence the angular velocity when the two 
formed one body was 


5-78 ( * 4-14 x 10-4/1 sec., 


M 
M+ z 
provided that the density distribution was similar, and that the angular 
momentum and moment of inertia were not different. The only cause of 
change in angular momentum would be solar tidal friction, which probably 
would not amount to more than about 5 per cent. of the whole. Thus 


Fig. 4. Changes in form of earth during resonance. 
(From Evolution: A Collective Work. Blackie, 1925.) 


finally the angular momentum would be enough to make the whole rotate 
with an angular velocity of about 4-3 x 10-4/1 sec., apart from variations 
in the moment of inertia due to flattening and condensation. 

Now a homogeneous ellipsoid would give similarly a maximum angular 
velocity of 3-6 x 10-4/1 sec., and instability in the symmetrical form and 
resonance would not occur until the rotation speed was 7:2 x 10~4/1sec. Thus 
the homogeneous mass could never attain conditions suitable for resonance. 
The effect of heterogeneity on these conditions seems to be to increase the 
actual speed, by what has been said above, and to diminish the speed needed 
for resonance, so that the circumstances are much more favourable. 
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The problem of finding out the actual amount of the effect of hetero- 
geneity on the period of rotation necessary to cause resonance is likely to 
be exceedingly difficult, as the bounding surfaces are not ellipsoids. An 
estimate can, however, be made by analogy with the cylindrical case, 
which has been accurately solved. In the two-dimensional case considered 
the angular velocity found necessary for resonance is only 0-65 of that 
needed when the mass is homogeneous. If the same ratio held in the three- 
dimensional case, the angular velocity needed would be 4:7 x 10~-4/1 sec., 
while the available angular velocity is 4-3 x 10-4/1 sec. There are, however, 
two causes that will affect the former amount. Compressibility by intro- 
ducing a further degree of freedom may be expected to reduce the free 
speed for any given angular velocity, and hence to reduce the angular 
velocity needed to make the ratio k equal to — 2. Further, by reducing 
the relative thickness of the outer layer this free speed may be indefinitely 
reduced, and therefore it is evident that there can be a heterogeneous 
distribution of density, not very different from the actual distribution, 
such that with the same mean density the available angular momentum 
would lead to resonance. With still smaller relative thicknesses resonance 
would still be possible, but would occur at an earlier stage of condensation. 
It is therefore highly probable that conditions suitable for resonance 
occurred. 


3-4. The Vibrations of a System with one degree of Freedom when the 
Free and Forced Periods are nearly equal and slowly varying. Let the 
equation of motion of the system be 

Po ete Oat BLS Oe eae 6L)§ 


where p is small, and a, p, and p are slowly varying. 
Put fadt = w, and let accents denote differentiation with regard to w. 


Then eye a oe Ne exp uplas dw. aewswsene (2), 
De ape 
where sae i “+ ee we Be (3). 


Now let one of the complementary functions of this be exp @. Then it 
has been already shown* that the value of @ is practically (« — $v) w for 
a considerable range in w. 

Put x= yexp @. Then 


du 
y ie y’ (26’ ae v) = EKa-2 exp (w [ee — 8) se eeoeees (4). 


If p and a are nearly equal, we can write p i ae = (1 + Bw) w, where 
B is small. Then the expression on the right of (4) is Ha-? exp (fvw + «Bw?), 


* Memoirs of R.A.S. 60, 1915, 211-213. 
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which varies slowly. Hence y” can be neglected on the left, and the 
particular integral is approximately given by 
= 


Ha“? 
= 1 = : ek 
ic 2 | exp (dvw) dw = exp (4 vw) 


near the instant when the periods coincide. 
Hence 


= 
n= 2 exp (w) + A exp («— 3v)w + Bexp— (v+ 3v)w...... (5), 
LF 


where A and B are arbitrary constants. The amplitude of the forced 


vibration is therefore magnified in the ratio zs or @ / (3 + ) when the 


periods coincide. 

The equilibrium amplitude of the solar semidiurnal tide is about 
20 cm., if the mutual attraction of the matter of the earth is included. 
For resonance to lead to rupture this must be magnified to something of 
the order of 3000 km. Thus the magnification needed is about 1-5 x 10’. 
For this to be produced the approximate coincidence of periods must last 
long enough, and also the damping due to internal viscosity must be small. 
Now the change of a in one period is 27da/dw, and hence the magnification, 
in the absence of viscosity, would be 27a the change of a in one period. 
Thus the change of a in a period must have been less than 4 x 10-7a. 
The period was about 2 hours, so that there would be time to develop a 
sufficient magnification if a did not vary by a large fraction of itself in 
500 years. The damping effect of small viscosity on the free oscillations 
of a fluid globe is such as to make the amplitude of an oscillation of 
ellipsoidal type die down like e~/”, where* 
ee 
ares 
a being the radius and A the kinematic viscosity. The possible magnifica- 
tion is therefore a/j = a?a/10A. This gives 


A< 2-4 x 10° cm.?/sec. 


This is comparable with the viscosity of shoemaker’s wax found by 
Trouton and Andrews. 


aa 


3:5. The distorted form of the earth would be very long and narrow. 
The dense interior, instead of being drawn towards the sun, would be 
depressed, in accordance with the results of 3-21. Thus when the elongation 
became so great that the mass became unstable and the end broke off, 
the detached portion would be at a considerable distance from the centre 
of the earth, certainly several times the undisturbed radius, and it would 
be composed chiefly of materials from the outer regions of the earth. 


* Lamb, Hydrodynamics, 1924, 607 (after G. H. Darwin). 
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Its linear dimensions would be decidedly less than the radius of the earth, 
but of the same order of magnitude. The last two results agree with the 
actual size and density of the moon; it will be seen later (Chapter XIV) 
that the first has had an important influence on its history. 

It should be noticed that, although the elongation would be towards 
the sun throughout the changes, the matter of the earth would always 
be rotating within the slowly moving surface, just as water can revolve 
within a fixed elliptical dish, each particle within the earth revolving 
about the axis in the period of rotation, whereas the surface would only 
complete its revolution in a year. Thus when rupture occurred the de- 
tached portion would have a considerable transverse velocity and therefore 
would not fall back into the earth. 


CHAPTER IV 
The Resisting Medium 


“Friction produces heat.” Any School Physics. 


4-1. Origin of the Mediwm. So far we have seen that 

(1) the disruption of the primitive sun by a passing star could have 
led to the formation of the planets; 

(2) the tidal action of the sun on the outer planets, the first time 
they passed perihelion, may have led to the formation of satellites and of 
independent small planets; 

(3) such planets as stayed with the sun, and such satellites as remained 
with their original primaries, would have had direct revolutions; 

(4) the fact that the smallest planets are the densest is explicable on 
the same hypothesis; 

(5) the fact that the planes of the motions of all these bodies are 
nearly coincident is similarly explicable; 

(6) the moon may have been produced from the earth by the solar 
tides, magnified by resonance. 

Several striking facts about our system, however, still remain un- 
explained. It is necessary to provide explanations of 

(1) the smallness of the eccentricities of the orbits of the planets and 
satellites ; 

(2) the retrograde motions of two satellites of Jupiter, one of Saturn, 
four of Uranus, and one of Neptune; 

(3) the curious numerical relations between the mean motions of 
several satellites; 

(4) the retrograde rotations of Uranus and Neptune, and the direct 
rotations of the earth and Mars; 

(5) the formation of asteroids; 

(6) the acquirement by Mars of two small satellites; 

(7) the recession to its present distance of the moon, which can have 
been only 10,000 to 20,000 km. from the centre of the earth when it was 
formed. 

Some of these questions have been answered, and hitherto none has 
been proved unanswerable; but until all have been answered the theory 
of the origin and development of the solar system cannot be considered 
complete. The successes so far attained, however, are enough to encourage 
the cosmogonist to hope for the attainment of the others. 
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So far little explicit use of any form of friction has been made in the 
theory, although it has been virtually assumed in the supposition that 
any ejected body reabsorbed into its parent would become an integral 
part of it, the whole rotating as a rigid body. Friction must, however, 
have influenced the history of the solar system in at least two other ways, 
namely, by the action of a resisting medium and by tidal friction, of 
which the former has probably had the more far-reaching effects, although 
it happens that tidal friction has been exceptionally important in de- 
termining the evolution of the earth and moon in particular (see later, 
Chapter XIV). 

It has already been indicated that the matter ejected from the sun 
would not all be included in the planets and their satellites. Much of it 
would be lost on account of the inadequacy of the gravitative power of 
the distended nuclei to retain their lighter constituents, and the thinner 
parts of the filament would probably be unable to condense at all, but would 
spread out at once. This lost matter would be dispersed throughout the 
system, and would form the resisting medium. It is clear from its formation 
that it would be largely or entirely gaseous. It would have the same origin 
as the planets, and therefore would have been deflected transversely by 
the star, just as the planets were. Hence every part of it would have a 
direct revolution about the sun from the very beginning. The parts would, 
on the other hand, revolve in widely different periods, and would undergo 
diffusion at the same time, until the whole system was filled with tenuous 
matter. Differences in the periods of revolution would make some parts 
move outwards while others meeting them were moving inwards, and thus 
the radial motions would be quickly annulled by turbulence and viscosity. 
Thus the resisting medium would be a gas, its parts revolving around the 
sun in the same direction as the planets, and describing approximately 
circular paths. We have no knowledge of the composition of the matter 
originally ejected that might enable us to estimate the mass of the medium 
or the distribution of density within it. This can be found, if at all, only 
from the effects that we assume it to have produced. It will be found, 
however, that it leads to another inference that is capable of independent 
test. 


4-2. Density Distribution and Motion of the Medium. Let us now con- 
sider the nature of the motion of the medium. For the reasons already 
given, the medium will be supposed to be symmetrical about an axis, 
which will be taken to be the axis of z, and every part of it will be supposed 
to revolve uniformly in a circle about this axis. Taking rectangular 
coordinates x and y in fixed directions in the equatorial plane of the mass 
and through the centre of the sun, we put 


Meir ee ee 8 orcs « (1); 
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and denote the velocity at any point by wa perpendicular to the meridian 
plane. So far w is unspecified and need not be a constant. Then the equa- 
tions of motion of the medium are 


oU Loy os ay 

On pox 

oU lop ‘ 9 
Oy poy Va) | lexeroveletete'e ( ): 
aU _1ap_ 

Gz poz 


where U is the gravitation potential, p the pressure, and p the density. 
In differential notation these may be written 


dU — : dp hutdca ay eee (3). 
If V denote the absolute temperature, we have 
Dp=ipV ts) een eae (4), 
where & is a constant if the composition of the material is uniform. Also 
Ci [6 oe eee (5), 
where f is the constant of gravitation, M the mass of the sun, and 
(SO coal a) lee ee <a ie ee linge 5 ss (6). 


The mass of the medium being supposed a small fraction of that of the 
sun, its gravitation may be neglected. 

The temperature in an approximately steady state is determined by 
the condition that each part of the mass receives just as much heat as 
it radiates. The other parts of the envelope are by hypothesis much colder 
than the sun, and we may assume that each part is warmed wholly by 
solar radiation, and radiates its heat away at a rate proportional to V4. 
The rate of receipt of heat is proportional to 1/r?, and therefore 


Vis at! aS eee (7), 


where a is some constant. Then equation (3) gives, after substitution 
from (4), (5) and (7), 
2p 
( Leen de Re Slate 
Pps p 2a 


dat. 20 Se (8). 


$ 
ar 
It follows that wr*dw? is a perfect differential, and 

Qs pS OP a ee (9), 


where F is a function of a, as yet unspecified. Substituting in (8) and 
integrating, we have 
2fM 


R log p = ae + £R log r+ 9g | Fido? + CORSE. ...cawece (10). 
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Accordingly, since the integrand in the last variable term on the right is 
essentially positive, the density when r is great encugh must increase with r 
at least as fast as 73, and therefore the whole mass must be infinite. Hence 
an exact steady motion is impossible with the conditions specified; the 
fluid must necessarily flow outwards to some extent. The loss will, however, 
not affect the distribution of density appreciably unless fM/aRr? is small. 
Supposing, as is reasonable, that the temperature 10! cm. from the sun 
(roughly the distance of Venus) was 300° abs., (7) shows that a is 109 c.g.s. 
Cent. units, and if the medium be supposed to consist of hydrogen, R is 
4 x 10’ c.g.s. Then the ratio in question becomes equal to unity when 
ris 4 x 10° cm. Thus outward flow would not be important in masses of 
the size of the solar system, and in them the second term on the right 
of (10) and the term in #/r in (8) are unimportant. 
Suppose now that on the equatorial plane of the medium 


IED IO IGS Be re al eae (11), 


so that the velocity at any point is A times what it would be if every part 
of the medium were describing a circle freely under gravity. Then (8) 
gives on the equatorial plane 


Thus if the angular velocity at any point exceeds the circular velocity, 
the density will increase outwards, while if it is less than the circular 
velocity, the density will increase inwards. The more closely the velocity 
approximates to the circular velocity, the more nearly will the density 
be uniform. To indicate the importance of this approximation, let us 
consider the special case of no rotation, supposing the density where 


Pate KOLO ems) AES Se rat (13), 
to be equal to 5 x 10-5 gm./cm.* This density would imply a mass equal 


to that of the sun spread out a third of the distance to Mercury. Then 
with the data already adopted, the density at any point is given by 


, 1-2 x 101 
85x 10-5 As 


and the density near the orbit of Mars is therefore less than 10-1, Beyond 
the orbit of Mars it would be still less, and therefore the mass of the 
medium between the orbits of Mars and Neptune, the radius of Neptune’s 
orbit being 5 x 1014 cm., is less than $7.10~1° (5 x 10%)? grams, a quite 
inappreciable fraction of a gram, and totally incapable of producing 
a noticeable influence on the orbit of the smallest asteroid. Hence the 
resisting medium could not be of any cosmogonical importance unless each 
part of it revolved with very nearly the velocity appropriate to a planet 
4-2 
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moving in a circular orbit at the same distance. With very slight departures 
from this relation an extremely wide range of variation of density within 
the medium could be realized. 

The last point requires considerable emphasis, since most writers that 
have made use of a resisting medium in cosmogonical theories have 
assumed without investigation that such a medium would be at rest. 
A medium at rest would oppose a steady resistance to the motion of a 
planet, and would thereby reduce its total energy and make it fall towards 
the sun. Thus a stationary resisting medium would cause all planets to 
approach the sun, and this result has been habitually assumed in dis- 
cussions of the effects of such a medium. From what has just been shown 
it appears that the medium would move in such a way that a planet in a 
circular orbit would have no motion relative to it, and therefore would 
experience no resistance and be quite unaffected by it. 


4-3. Effect of a Planet on the Medium. In the case of a small satellite 
moving in a variational orbit around a planet and the sun, the corre- 
sponding proposition would be that the satellite would still always be 
moving in the same way as the medium around it; so that every part of 
the medium would have to move in a variational orbit, fluid pressure not 
affecting its motion in the least. This will be shown to be inconsistent with 
the equation of continuity, unless the temperature is the absolute zero. 


4-31. It appears that the motion of a medium around a planet and 
the sun, the planet’s orbit being circular, could not be even roughly steady. 
It can be shown that the only possible steady motions of a gaseous medium 
or a swarm of meteors are such that the whole medium is statistically 
rotating with the planet like a rigid body. For, let us take the axes of 
x and y through the sun, the axis of x being always towards the planet. 
If the mean motion of the planet be 7 and the gravitation potential U, 
the equations of motion of any particle are 


d2x dy oU 
WP S20 EE 
d?y da oU 
de? “f+ Qn dé a 2 = oy eCeecccese (1) 
dz ou 
dt? Oe 
dx dy dz 


Multiplying by hh de? ae and adding, we obtain on integration the equation 


(a) +(B) +G@) -™ (+9)= 2040 cnn (2), 


where C' is a constant throughout the motion of the particle. This is 
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Jacobi’s integral, and it is known that the equations of motion possess 
no other first integral. 

Now consider a swarm of particles, which may be solid bodies or the 
molecules of a gas, revolving about the sun and planet. Let the number 
in the element of volume dxdydz, the rates of change of whose coordinates 
are between wu and u + du, v and v + dv, and w and w + dw respectively, 
be ¢ (uvwayz) dudvdwdxdydz. (It is to be noticed that wu, v, w are to be 
regarded as rates of change of the coordinates and not as velocity com- 
ponents referred to fixed axes momentarily coincident with the moving 
ones.) In the absence of collisions each particle will move in time dt to 
a position 2’y’z’, and will be changing its coordinates at rates wu’, v’, w’, 
where to the first order in dt 


ze =x+udt,etce., wu’ =ut Gy 2bG7). Ul oasarcesss (3). 
But = etc., are known functions of the coordinates and their rates of 


dt’ 
change, so that wz’, y’, 2’, u’, v’, w’ are known as functions of 2, y, 2, u, v, Ww 
and of dt. All particles in the original element move in time dt into the 
new element, and therefore 


df (u'v'w'x'y’2’) du! de! dew! dex! dy’ dz’ = ¢ (uvwayz) dudvdwdady dz...(4), 


where ¢’ indicates that the velocity and density distribution after time dé 
is being considered. If the distribution is to be steady, so that the number 
of particles in a given element as regards position and velocity will be the 
same for all time, ¢’ is the same as ¢. Now 
du’ dv’ dw' da’ dy’ dz’ _ 0 (u'v'w'a'y’z') 
dudvdwdudydz ~~ 0 (uvwayz) 
0 du 0 du 0 du 


Me ie ey dae cela 


0 dv 0 dv 0 dv 


(SS aS Seat ay di dt = dt 
0 dw 0 dw 
Pees 5 “ Ooi foe a 
Ae OAD 1 0 0 
0 dt 0 0 1 0 
PON. ait 0 0 ] 
=I1+termsind@ j= j=  —— asesseees (5). 


It is proved in works on the dynamical theory of gases that collisions do 
not affect this result (cf. Jeans, Dynamical Theory of Gases, 2nd edition, 
p. 226). 

Substituting in (4) we see that 


pear! Mart fi 


dh (uv w' a’ y'2') = h (wvwayz) —saveneene (6) 
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to the first order in dt; so that af Nec ercr es Ci); 
if u’,v’, w’, x’, y’, 2’ are related to u, v, w, x, y, z according to the relations (3), 
du dv dw 


with the values of given by (1). In other words ¢ = constant is 


dt’ dt’ dt 
a first integral of the equations of motion. Further, since by hypothesis the 
motion is steady, ¢ does not involve the time explicitly. Thus this theorem, 
proved by Jeans for fixed axes, is readily extended to moving axes. 

In the case we are considering there is no first integral except the 
Jacobi integral. It follows that in a steady state ¢ must be a function of 


w+ v2 + w — n2 (a2 + y?) — 2U = wu? + v2? + w? — vp, say ...(8). 


Put then b= 0 0 8 eens (9). 
The numerical density A can be found by putting 
u= évt, v=, w= Can (10), 
when A = Sffpdudvdw 
= Sfx @ (L— 2 — LY dedgdl — veeeseees (11), 


the limits being — © to in all cases. Hence 4, and therefore p, are 
functions of v alone. Since ¢ is an even function of u, v, w, we see further 
that the medium as a whole has no systematic motion with reference to the 
axes. Both of these results are independent of whether the medium con- 
sists of a gas or of solid particles. 


4-32. The first of these results finds a simple application in connexion 
with the Moulton-Gyldén theory of the Counterglow*. According to this 
theory the counterglow is caused by light reflected from particles de- 
scribing orbits about the sun and earth jointly, a particularly large number 
of which are visible at any time in the part of the sky directly opposite 
to the sun. From the result that the density is a function of v alone we 
infer that the illumination will be greatest where the observer is looking 
through the greatest depth between consecutive surfaces of the system 
v = constant. But just opposite to the sun is a place where one of these 
surfaces has a conical point, and it is at this point that the distance between 
surfaces of the system is greatest, just as a hyperbola is furthest from its 
asymptotes near the centre. Hence at this point the observer is looking 
through the greatest depth of matter, and therefore sees a patch of reflected 
light, 


4-33. Next, consider the motion of a small particle through the 
medium. The resistance to its motion will be opposite to the direction of 
its velocity relative to the medium, and will vanish with the relative 
velocity. But the medium has no systematic motion with regard to the 


* Bulletin Astronomique, t. 1; Astronomical Journal, No. 483. 
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axes. If then the coordinates of the particle are x, y, z, the components 
of the retardation will be — xé, — xy, — xz, where x is positive. Hence 
its equations of motion are 


ax dy eo da 
me ie ae 
dy | dx peeene dy 
dt? | 2n dt 1 Y oy — dt ee eccenee (1) 
dz eo dz | 
dt? ere 
Multiply by _ = respectively and add. Then 


ai (az) + (at) + (qi) ~m@ +9920] = — 2 () + (Ge) +) | 


Hence the function v — 4? — 7? — 2? steadily increases with the time. Thus 
if we denote it by u, we see that v is always greater than », which is itself 
in general steadily increasing at a finite rate. Hence in time p, and there- 
fore v, will exceed any finite limit. Whatever be the value of » at any one 
time, the motion will be such that at any subsequent time the particle 
will be at a place where v is greater than that value of u. Now the 
surfaces v = constant are closed, and the greater v is the more closely 
they approach the three places where v becomes infinite, situated at the sun, 
the planet, and at an infinite distance. Thus the motion of the third body 
will become more and more restricted until it is ultimately forced to revolve 
as an independent planet, as a satellite of the planet, or is expelled from the 
system; in either of the two former events it will steadily approach its 
primary. The only exceptional case is that where the coordinates of the third 
body remain the same permanently, so that (=) + (ay + (F) is zero. 
In such a case friction will not affect the motion. The only stable motion 
of this type is that where the three bodies are at the corners of an 
equilateral triangle, and in this case v is a minimum. Hence if any small 
displacement from the equilateral triangle position takes place, the dis- 
turbance will steadily increase until the third body becomes either an 
independent planet or a satellite. We notice also that a small body with 
a greater mean distance than the planet must approach the sun and hence 
become either an interior planet or a satellite. It thus appears possible 
that the capture of satellites can occur if the resisting medium is in a state 
of steady motion. 

The above argument, however, cannot be applied entirely to the actual 
evolution of the solar system. In a gaseous medium ¢ must be of the 
form Ne’ ’-’-”-) where N and h are constants. It follows that the 
density is proportional to e””. It can hence be easily shown that the results 
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based on 4:2 (12) are not appreciably altered in the regions remote from 
the planet. In the neighbourhood of Jupiter, again, the variation of the 
temperature would not be considerable, and we should have nearly 


Vv 
log p= py: 


Taking V = 100°, we see that the difference between the values of log p 
at the surface of Jupiter and 100 radii away is of the order of 5000, indi- 
cating, as in 4-2, that the assumption that the more remote satellites of 
Jupiter have been appreciably affected by the resisting medium is in- 
consistent with the assumptions of a reasonable density near Jupiter and 
of steady motion of the medium. It appears, therefore, that the medium 
cannot have been even locally in a state of steady motion, and that the 
results obtained on this hypothesis, though of interest as suggesting 
possible modes of development, cannot be regarded as giving the correct 
theory of the influence of a resisting medium on satellites. 


4-34. We may, however, recur to the hypothesis of 4:3 that the medium 
at any point was moving like a planet revolving in a periodic orbit through 
the point. This velocity is fixed for given coordinates, and therefore the 
motion would be a steady one: but for any other temperature than the 
absolute zero we have found the only steady motion dynamically possible, 
and it is not this one. Thus a steady motion of this type is possible only 
if the temperature is the absolute zero. But the temperature cannot be the 
absolute zero. Hence this type of motion is impossible, and the medium 
must exert a dissipative influence on the third body. Some secular effect 
on the mean distance of a satellite from its primary is therefore probable, 
though not certain. 


4-4. Effect of the Resisting Medium on the Mean Distances of Satellites. 
Now considering the solar system as it is, we notice several striking facts 
that are readily explicable if it is true that a resisting medium would make 
satellites approach their primaries, and might even enable a planet to 
capture a body previously moving as an independent planet and force it 
to move as a satellite of its own. The retrograde satellites of Jupiter and 
Saturn are readily explained on the hypothesis that they were produced 
by the tidal action of the sun on the planets, but left their parents at once 
and became independent planets; and that they afterwards were captured 
by their present primaries, which may or may not have been their original 
parents. The same may also apply to some direct satellites, especially to 
the two satellites of Mars, the sixth and seventh of Jupiter, and Iapetus. 
Such an abnormal origin is suggested in the case of the satellites of Mars 
by their small size; such small bodies could not have been formed from 
a planet such as Mars, which must have liquefied almost immediately. 
For J VI, J VII, and Iapetus it is suggested by the fact that whereas 
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the inner satellites of Jupiter and Saturn are regularly spaced as regards 
distance from the primary, wide gaps separate them from the orbits of these 
outer ones. It is possible, however, that the gap is due to the density of the 
medium at the distance of these satellites having been very small in com- 
parison with that nearer the primaries, so that the inner satellites were led 
to approach their primaries, leaving the outer ones almost unaffected. 


4-41. The hypothesis that a resisting medium in some cases did make 
satellites approach their primaries is strongly confirmed by the existence 
of Saturn’s rings. It is generally believed that the rings represent the 
fragments of a solid satellite that was broken up by the tidal action of 
Saturn through being too near to the primary for the mutual attractions 
of its parts to resist the disruptive tendency. Now if the rings were 
initially at their present distance, they could never have condensed; for 
the efficacy of the tidal action in comparison with the mutual gravitation 
of the parts would increase with distension, and therefore if the former 
were able to disrupt it when solid, still more capable would it be when 
gaseous. Hence the mass would have remained gaseous until it diffused 
away. Hence the satellite that formed the rings must have been formed 
when beyond the danger zone and have afterwards been brought within 
it by some disturbing influence. No other agency than a resisting medium 
has been suggested that could produce such an approach. 


4-42. Several curious numerical relations hold between the mean 
motions of various satellites. The mean motions 7,, 2, n; of J I, J I, and 
J III are approximately in the ratios 4 : 2 : 1, while n, — 2n, and n,. — 2n, 
are exactly equal to each other and approximately to z1,;7. 

The mean motions of Mimas, Enceladus, Tethys, and Dione are nearly 
in the ratios 6 : 4 : 3 : 2, none departing from the values corresponding to 
these ratios by more than 3 per cent. Those of Titan and Hyperion are as 
4-004 : 3. On any theory yet advanced of the origin of satellites it is very 
difficult to see how such relations could have subsisted from the beginning ; 
but if the mean distances of the satellites were varying continually owing 
to a resisting medium, such ratios would occur several times during the 
evolution, and if the corresponding states of the systems were stable they 
would thenceforth persist. 


4-43. The satellites of Uranus and Neptune were probably formed by 
tidal disruption of their primaries by the sun. Any satellite formed in this 
way would be direct; but if the axis of rotation of the primary was strongly 
inclined to the ecliptic, the ellipticity of figure of the primary would 
make the plane of the satellite’s orbit revolve; and if a resisting medium 
were available to damp down the component of the motion of the satellite 
parallel to the axis of the planet, the satellite would come to revolve in 
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the plane of the equator of the primary, even though the primary might 
have a retrograde rotation. 


4-5. Evolution of the Medium, and its Effect on Mercury. Let us now 
consider the manner of evolution of the resisting medium. So far its 
internal viscosity, diffusion, and thermal conductivity have all been ignored. 
Since viscosity must necessarily produce a secular effect on the motion 
of any mass that is not moving either irrotationally or with the same 
rotation at all points, neither of which conditions is satisfied by a medium 
moving as this one would, the motion of the medium must undergo a 
slow and steady change. The nature of the change is easily seen. The 
fast-moving interior will tend to drag forward the slower-moving exterior, 
and thus will increase its energy and make it recede from the sun. Thus 
the outer parts will be slowly expelled from the system. The inner parts, 
on the other hand, will have their motion delayed, and will therefore 
gradually fall into the sun. In time, therefore, the resisting medium will 
cease to exist. Diffusion would not affect the behaviour of a medium 
consisting of only one material; thermal conductivity would be continually 
transferring heat from the inside to the outside, but this would probably 
produce only a slight permanent change in the temperature distribution, 
and not a secular degeneration. If now p, p, J, and 7 be of the order of 
magnitude of the density, true viscosity, linear dimensions, and time of 
degeneration through viscosity, we have 


ative ne «age Ae (1), 
a2 


from an analogy with the behaviour of other systems changing on account 
of viscosity, or from considerations of dynamical similarity. Considering 
the motion of the medium within the orbit of Mercury, we can take 


b= 650 10cm: 5). = ee eres (2), 

jo= 10 * om. /ensee, =) eee (3) 
(since pu is independent of the density), and therefore 

Ts Ot order 4G 10"o 0) eee (4). 


Consider next the motion of the planet Mercury, supposing it to have 
been moving in a highly eccentric orbit. The angular velocity about the 
sun of the matter near the planet’s orbit being n, and the velocity of the 
planet relative to the medium being Y, the resistance to the motion of 
the planet is $7pa?Y?, where a is the radius of the planet*, since the relative 
velocity is much greater than the velocity of sound in the medium. Hence 
the time needed to reduce the relative motion to 1/e of its initial amplitude 
is of order m/}mpa*Y, where m is the mass of the planet. Taking 

m=2x 10% gm., a= 2-6 x 108cm., Y = 2 x 106 cm./sec., 
this time is 1000/p 
* F. A. Lindemann and G. M. B. Dobson, Proc. Roy. Soc. 102 4, 1922, 413. 
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If the whole extent of the medium was greater than, but of the same 
order of magnitude as, the distance of Mercury from the sun, the results 
of the last two paragraphs could be combined to give an estimate of the 
age of the solar system. For, if the time needed by the medium to dis- 
appear was short in comparison with the time required to produce a 
considerable effect on the eccentricity of the orbit of a planet, the medium 
would have gone before the eccentricity had been appreciably reduced, 
and the eccentricity would still be great. On the other hand, if the medium 
lasted much longer than the time required to affect the eccentricity con- 
siderably, the eccentricity would have been reduced practically to zero 
instead of only to about +. Hence these two times must be comparable. 
Supposing them to be equal, we find that the density must have been 
of order 5 x 10-14 gm./cm.*, and the time taken of order 2 x 10!6 seconds 
or 6 x 108 years. On the other hand the actual medium must have had 
a much wider extent, and therefore must have been acting upon Mercury 
during the time required for a much larger medium to degenerate. If for 
instance matter from the distance of the orbit of Jupiter—to take what is 
perhaps an extreme hypothesis—passed across the orbit of Mercury and 
was ultimately absorbed into the sun, / in (1) would have to be taken 
equal to 8 x 1013 instead of 6 x 10!2cm., and thus r would be of order 
5 x 10°49. Combining this with (5) we find that the time required would 
be of order 7 x 10° years, and the density would be 4 x 10-15 gm./cm.° 

The coefficient of true viscosity is independent of the density, and it 
has been shown that so long as the medium was affecting the planets, and 
we can suppose its motion dominated by the sun, its motion would remain 
the same. Hence however much the density declined, so long as the 
medium behaved like a gas, the rate of communication of angular 
momentum across any sphere within the fluid would remain the same; 
therefore the rate of absorption of matter into the sun or expulsion of 
matter from the system would remain the same. Hence in a further 
duration, comparable with that required for the medium to have its 
density reduced to half what it was initially, practically the whole of it 
would have disappeared. What remained would indeed have to be of 
density so low that the gas laws would not apply. 

The only gaseous matter of sufficient density to be observable that 
exists outside the planetary atmospheres is that which reflects the zodiacal 
light, and it is natural to suppose that this is the last relic of the re- 
sisting medium*. Its density, estimated from its luminosityy, is of order 
10-18 gm./cm.? Now the length of the mean free path of a hydrogen 


* Many astronomers are favourable or neutral to the theory that the zodiacal matter 
consists of solid meteors. If so its life would be of the order of 10’ years (M.N.R.A.S. 
77, 1916, 93-94). The light is however polarized as if scattered by the molecules of a gas 
(H. N. Russell, R. 8. Dugan, and J. Q. Stewart, Astronomy, 358-360). 

+ Jeffreys, M.N.R.A.S. 80, 1919, 139. 
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molecule at normal temperature and pressure is 1-83 x 10-° cm., and in 
other circumstances is inversely proportional to the density. Hence in 
the zodiacal matter the mean free path is of order 10° cm., much less than 
the radial extent of this matter. Each molecule must therefore experience 
many collisions in every revolution around the sun, and this is the condition 
that the gas laws may apply. Thus the degeneration of the zodiacal matter 
must still be going on, and therefore it is probable that the whole age 
of the system is not more than twice the time needed to reduce the 
eccentricity of the orbit of Mercury to 1/e of what it was at the commence- 
ment. Hence the tidal theory of the origin of the solar system suggests 
that the age of the system is of order 10° to 101° years. There are of course 
many sources of error in the data, the chief being in the primitive dis- 
tribution of mass, but it is interesting to notice that the age obtained is 
of the same order of magnitude as the age of the earth inferred from the 
phenomena of radioactivity, which will be discussed later. 


4-51. On the hypothesis that the density of the medium was 
5 x 10-14 gm./cm.%, the mass within the orbit of Mercury would be about 
4 x 10% grams, decidedly less than that of the planet. On the hypothesis 
that it was 4 x 10-4 gm./cm.3, the mass within the orbit of Jupiter would 
be about 8 x 1027, rather more than the mass of the earth, which is 
reasonable. If the density was 4 x 10-15 gm./cm.* throughout the system, 
the mass within the orbit of Neptune would be comparable with that of 
Jupiter, which again is reasonable. 


4-6. Effects on other Planets. It would be of interest to test the theory 
by application to the eccentricities of the orbits of the other planets, but 
unfortunately one meets with a serious mathematical difficulty. The gravi- 
tation of each planet would cause a condensation in the medium around it. 
The formula of Lindemann and Dobson, for the resistance of a gas to a body 
moving with a relative velocity much greater than that of sound, depends 
essentially on the condition that the matter around the body, right up to its 
surface, is continually changing. In the case of a gravitating planet this 
condition would hold only if the relative velocity of the gas towards it was 
greater than the velocity of escape from the surface of the planet; otherwise 
a portion of the gas would be retained by the gravitation of the planet. 
Thus a permanent gaseous condensation would be formed around the 
planet, and would be forced through the medium by it, so that the effective 
resistance to the motion of the planet would not be determined by the 
surface of the planet itself, but by that of this condensation. It seems 
reasonable to conjecture that the effective radius of such a condensation 
would be such that the velocity of a particle moving in a parabolic orbit 
about the planet at that distance (the disturbance due to the sun being 
ignored) is comparable with the velocity of the medium relative to the 
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planet. If 6 denote this radius, m the mass of the planet, M that of the 
sun, and if the velocity of the planet relative to the medium is A times 
the velocity rn of the medium itself, this gives 


(3) = 0 (Arn)? = O (x) Sens (1), 
whence =O (sar) eit Sincan (2). 


Taking as a preliminary standard the impossible case where the planet 
is at rest and therefore A equal to 1, we find for the various planets the 
following values of 6, in kilometres: Mercury 13; Venus 500; Earth 1000; 
Mars 130; Jupiter 1-6 x 10°; Saturn 8 x 105; Uranus 2-5 x 10°; Neptune 
4-4 x 105. 

For the four terrestrial planets these numbers are much smaller than 
the actual radii, and the neglect of gravitation would therefore be justified 
if A was equal to unity; thus in the early stages of their careers, when the 
eccentricities of their orbits were great, there would be little gravitational 
condensation around them, and the effective surface would be practically 
the solid surface. But when the eccentricities became small, the value 
of A would sink to something between the eccentricity and twice the 
eccentricity, and when this fact is allowed for, the only planet for which 
6 is still less than the actual radius is Mercury. Hence the method of 
estimating the ages of the solar system already employed is unsuitable 
for any planet except Mercury. The values of 6 for the four great planets 
have always been greater than the radii. 


4-61. For a non-gravitating planet the time required to produce a 
given change in the eccentricity is, by 4:5, proportional to mr?/pa2M. For 
a great planet we may write the effective radius 6 for a. For Mercury 
mrt/a?M is 1-2 x 10-1°km.-*; for Jupiter mr?/b2M is 1-1 x 10-11 km.-?, 
Thus the effect of the gravitational condensation is so great that if the 
densities were the same and the eccentricity of the orbit of Jupiter large, 
the resistance would reduce the eccentricity of the orbit of Jupiter nine 
times as fast as that of Mercury. For smaller eccentricities a for Mercury 
would remain the same, while 6 for Jupiter would increase further. It 
would be dangerous to proceed far without more knowledge than we 
possess about the distribution of density in the resisting medium, but this 
effect of gravitational condensation offers at least a very striking suggestion 
as to the reason why the outer planets have small eccentricities, while 
Mercury has the largest in the system. 


4-62. Another fact that is possibly related to the last is that the value 
of b for Jupiter, with A equal to 1, is nearly the mean distance of the 
fourth satellite; for Saturn, about the distance of Titan; for Uranus, 
between those of Titania and Umbriel; and for Neptune, approximately 
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the distance of its single satellite. Thus all the satellites except J VI, 
J VII, Iapetus, and the retrograde ones of Jupiter and Saturn would be 
within the gravitational condensations around their primaries almost from 
the start, and therefore their motions would have undergone the greatest 
disturbances from the resistance. The effects on the outer satellites would 
perhaps not become great until the reductions in the eccentricities of their 
primaries had considerably increased the sizes of the condensations. This 
may afford an alternative reason to capture for the wide gaps between 
the orbits of J IV and J VI, and between those of Hyperion and Iapetus. 


4-7. So far no attempt has been made to account for the asteroids, 
which still offer an outstanding difficulty in this theory, as in every other. 
Their small size in comparison with Mercury indicates that, if they existed 
while the resisting medium was still exerting an appreciable influence on 
the terrestrial planets, their eccentricities must have been reduced to zero. 
Thus they must have been formed after the medium had almost dis- 
appeared, and therefore are not lost satellites. The fact that none of their 
mean distances is much less than that of Mars or greater than that of 
Jupiter suggests that they are fundamentally related in origin; and the 
most natural explanation is that they were formed by the disruption of 
a primitive planet. Their total mass can hardly exceed a hundredth of 
that of the earth; this is much less than that of Mercury, but comparable 
with those of the great satellites of Jupiter, and the possibility that the 
asteroids were formed from a primitive planet which was itself a lost 
satellite of Jupiter may be entertained. The possible modes of rupture 
include explosion, rotational instability, and the tidal action of the sun 
or Jupiter. Rotational instability would only give a planet with one 
satellite comparable in size with itself; the same applies to the tidal action 
of the sun, for this would have to be magnified by resonance to lead to 
rupture, and then the theory that has been used to account for the origin 
of the moon would be applicable. Explosion is possible, though there is 
little evidence for it. If the planet contained enough radioactive or 
chemically active matter to heat part of its interior up to the boiling point, 
the disruptive stresses might come to exceed the small gravitative power 
of such a mass and permit explosion, and if one explosion took place there 
is no reason why others should not follow, since gravity would diminish 
at every rupture. Tidal disruption by close approach to Jupiter is also 
possible; the small planet would have to approach very close to the surface 
of Jupiter, and might be repeatedly broken up during a single encounter. 
The relative velocities of the fragments would be comparable with that 
which would have enabled a particle at the surface of the small planet to 
escape from its influence, which is about 2 km./sec. The average departure 
of the orbital velocities of the asteroids from the mean of all is about 
3 km./sec. The relative velocities might be in any direction, for the small 
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planet might pass Jupiter considerably to the north or south of its orbital 
plane, and thus the orbits of the fragments might be considerably inclined, 
the possible inclinations again being of the same order as the actual ones. 
The aphelion distances of all would be almost equal to the distance of 
Jupiter when the encounter occurred. 

The subsequent history of these bodies would be determined by such 
traces of the resisting medium as remained and by planetary perturbations. 
Their large eccentricities and inclinations agree equally well with the 
theories of explosion and tidal disruption. Some may have been captured ; 
in particular it is possible that the satellites of Mars are captured asteroids. 
Large variations in the eccentricities of the orbits would be set up by the 
perturbations due to the planets, especially Jupiter, and the positions of 
the nodes and the apses would be continually varying. Thus the orbits 
would probably become considerably modified from their original form 
and position, and thus the fact that the smallest are contained wholly 
within the largest is consistent with the theory. 

4°3. Historical. The investigation of the effects of a resisting medium 
goes back to Kuler* and Laplace. They and other investigators before 
Chamberlin and Moulton, in 1901 to 1906, considered only media at rest 
relative either to the sun or to the average of the stars. The planetesimal 
system of Chamberlin and Moulton introduced virtually a resisting 
medium composed of solid particles in direct orbits. The earlier types of 
medium are open to the objection of 4-2, the latter to those of Appendix 
A; but the notion of a gaseous medium, revolving in the way specified 
here, introduced by me in 1918, seems to be a satisfactory compromise, 
combining the merits of the earlier theories while avoiding their more 
obvious faults. See in 1910} returned to a medium composed of cosmical 
dust, while using the older theories of the effects of a medium fixed with 
regard to the sun. A medium with these properties would immediately fall 
into the sun; but at the same time See introduced the notion of capture, 
both of satellites and planets. The latter cannot now be accepted, but we 
have seen that a notable number of facts would be explained if several 
satellites have been captured. See’s arguments are always obscure and 
often definitely erroneous, owing largely to his incorrect views on the 
motion of the medium, especially near a planet. Nevertheless the notion of 
the capture of satellites is a positive contribution of value, though large 
gaps remain in the theory. 


* Phil. Trans. 46, 1749, 204. 
+ Researches in the Evolution of Stellar Systems, vol. 2. 


CHAPTER V 
The Age of the Harth 


“Ts there any thing whereof it may be said, See, this is new? it hath 
been already of old time, which was before us.” Kccles. i. 10. 


5-1. Several methods of estimating the age of the solar system in 
general, and of the earth in particular, have been suggested. The very 
plausible hypothesis that the eccentricity of the orbit of Mercury has 
been reduced to its present moderate value by the action of a resisting 
medium has been utilized for this purpose in 4:5, and indicates that the 
age of the system is probably between 10° and 101° years. The age thus 
found is the time since Mercury first took shape as a planet, probably a 
few years at most from the ejection from the sun of the matter that 
formed it, and perhaps before the disturbing star had made its closest 
approach to the sun. Several other methods have been suggested for 
determining various long intervals in the earth’s history, but the intervals 
determined are not in all cases the same, and a little attention must be 
given to the probable extent of the differences between them arising 
simply from the fact that they are not all measured from the same event. 
It will be seen that what we do in estimating a long interval of time is 
to consider some change that has taken place according to a known law; 
if we know both the law and the extent of the change between two definite 
events, we can calculate the time that elapsed between them. In the 
present problem the later event is in every case the present time; the 
earlier depends on the process considered. We have seen that the earth, 
like all other planets, was probably initially fluid. It cooled to the solid 
state by radiation from the surface, and even after solidification a further 
time would elapse before the surface became cool enough for water to 
condense on it. At a still later epoch denudation and redeposition formed 
the first sedimentary rocks. At some stage during this process the moon 
was formed. An estimate of the time that has elapsed since any one 
of these events will give information about the time since any other, 
when we have some knowledge of the intervals between these early events 
in the earth’s history. 


5-2. The chief methods (in addition to the one based on the eccen- 
tricity of the orbit of Mercury) that have been suggested for the estimation 
of the various intervals called ‘the age of the earth’ are as follows: 

1. The age of an igneous rock can often be found directly by means 
of the ratio of the quantities of Uranium and Lead in it, the rate of 
degeneration of Uranium to Lead following a known law. This is available 
for rocks of a very great geological age, but these rocks are intrusive into 
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still older sedimentary rocks, and therefore the ocean must be still older 
than the oldest rocks whose ages have been determined in this way. 

2. The age of the ocean could be found directly if we knew the total 
amount of salt in it and the rate of transfer of salt to the sea by rivers. 

3. We could similarly find the age of the ocean if we knew the total 
quantity of sedimentary rocks on the earth’s surface and the rate of 
disintegration of igneous rocks. 

4, If, as seems probable, the earth’s surface has been maintained at 
nearly the same temperature throughout geological time, we can show 
that the sun must have been radiating energy at almost its present rate 
throughout that time. If we can find the total amount of energy the sun 
has radiated away, we can find an upper limit to the time it can have 
been radiating at its present rate, which gives an upper limit to the time 
needed to form all the rocks known to geologists. 

5. The time since the solidification of the earth may be found if we 
know its law of cooling and certain facts about the initial and present 
distributions of temperature. 

6. Tidal friction has probably increased the period of the earth’s 
rotation, from the period of 4 hours mentioned in 3-2, to the present 
period of 24 hours. If we knew its rate we could find the time since the 
birth of the moon. 


5:3. Radioactivity. By far the most satisfactory of these methods 
appears to be the first. Its history dates from the discovery by Becquerel, 
in 1896, that uranium salts gave out rays capable of producing an effect 
on a photographic plate enclosed in opaque paper. This effect was found 
to be independent of the physical and chemical states of the uranium 
present, and therefore it appeared to be a property of the uranium atom 
itself. Mme Curie carried out an elaborate investigation of the pheno- 
menon, and found that the uranium ore used was much more active, in 
proportion to the amount of uranium present, than a pure uranium com- 
pound, and accordingly inferred that some other substance, still more 
active, was present. She succeeded in 1898 in isolating this substance, 
which proved to be a new element, and was given the name of Radium. 


5-301. An astonishing fact was soon discovered about the occurrence 
of radium. It occurs in nature only in the presence of uranium, which 
itself never occurs without radium. The ratio of the masses of the two 
elements present in a sample of ore is almost always the same, except 
perhaps in some of the most recent rocks, namely (3-40 + 0-03) x 10-7 
parts of radium to one part of uranium*. Such a constancy suggests a 
chemical combination, but the atomic weights of uranium and radium are 
respectively about 238 and 226, and therefore one atom of radium would 


* Rutherford and Boltwood, Amer. J. Sci. 22, 1906, 1-3; 8. C. Lind and L. D. Roberts, 
J. Amer. Chem. Soc. 42, 1920, 1170. 
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have to unite with about three million atoms of uranium to give the 
proper ratio. Such a complexity is not approached by the most complicated 
chemical compounds known, so that the chemical hypothesis is most 
unplausible. 

5-302. A further discovery led to the explanation. Radium itself was 
found to undergo a gradual change. A mass of a radium compound en- 
closed in a sealed vessel was found to liberate a gas called ‘radium 
emanation,’ the rate of formation of the gas being simply proportional to. 
the amount of radium present. The rate was such that, if initially one 
gram of radium was present, only half a gram would be present 1500 
years afterwards. The rest would be transformed into the emanation and 
into the further disintegration products of the emanation. All uraniferous 
ores are many thousands of years old, on any geological hypothesis, and 
therefore we have to explain how it is that any radium exists at all: why 
it has not all broken up long ago. The explanation suggested by its in- 
variable association with uranium is that as fast as it breaks up new radium 
is formed by the break-up of the uranium itself. The suggestion was 
experimentally verified by Soddy*, who prepared a specimen of uranium 
quite free from radium, kept it for some years, and was able to demonstrate 
the presence of radium in the specimen at the end of the experiment. 


5-31. Uranium, however, does not pass straight to radium, nor is the 
emanation the final product. The latter, in fact, survives only a few days. 
Suppose then that wu atoms of uranium are present at time ¢, and suppose 
that each atom of uranium becomes in succession unit amounts of various 


recognizable stages X,, X,, X3;,... X,. Suppose the numbers of uranium 
atoms that have gone to form the amounts of these products present at 
the instant considered to be 2, %, x3, ... %,. Further suppose that what 


has been proved to be true of radium is true in general, namely that the 
rate of break-up of any product is simply proportional to the quantity 
presentt, and accordingly that any product X, generates in unit time 
K,x, units of the next product X,,,. The rate of degeneration of atoms of 


uranium itself will similarly be denoted by xu. Then wu, x, #2, ... x, satisfy 
the following differential equations: 
du 
a = FU Snes Coy 
Ry 
“7 Rie 9 ee ae a ee (2), 
day 
oT etc a 2 TT (3), 
dx, 
“dt — Kyn-yn_1 eee eeeeee (4) 


* Phil. Mag. 9, 1905, 768-779; 16, 1908, 632-638; 18, 1909, 846-865; 20, 1910, 340-349. 
{+ Rutherford and Soddy, Phil. Mag. 5, 1903, 576-591. 
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Suppose that initially there are no degradation products present, so that 
when ¢ is zero 


U= Uy; t= % = X= soni ee eeeeeee (5). 
The solutions of these equations are 
ame me ge Nady e (6), 
t= ae fea Ce | Mem OTe) OT atin, Cr); 
KK Uo ( 1 —Kt —K 1 
xv es Seas —K,t __ p—Kot 
2 aay erp 6-2") ear be Ora tesa at (8), 


and so on, the expressions becoming more and more complicated as later 
products are considered*. If, however, all the degeneration products are 


short-lived in comparison with uranium, so that 1,, kK, ... Ky are all 
great in comparison with x, and ¢ is so great that 1/t is less than the 
smallest of «,, x2, ... Kn_y, the solutions reduce approximately to 
aCe ee eh gt PRR IE Th. F, (9), 
KU 
Xy — Ky eee cessoe (10), 
KU 
a es eRe EON AO AS EAT yes a ot (Ld); 
KU 
tie Aes Ieee pores bail ae ses (12), 
rt 
oe =| fog Op 7 Ob a= cog (Les) ae falls eee: (13). 
0 


Thus the amounts of all products present except the last remain in fixed 
ratios to each other and to the amount of uranium left, the ratios being 
such that the number of units of any product that break up in a given 
time is the same for all products and equal to the number of atoms of 
uranium that break up in that time. Thus we have an explanation of the 
constancy of the radium/uranium ratio. Further, the value of this ratio 
enables us to find x. We know from experiments on the rate of disintegra- 
tion of radium that every year 1/2280} of the radium present breaks up. 
If r is the number of radium atoms present in a rock specimen, and we 
allow for the difference in atomic weight between uranium and radium, 
we find (observing as is natural that each atom of uranium ultimately 
gives one atom of radium) that 

r 3:-4x 10-7 + 226 

wu 1+ 238 
whence ire —=1 6:3'70,000,000: yearsr ys shit. (15). 


Ea 8c Lge eet (14), 


* The solution, and approximations to it, are most easily obtained by Heaviside’s 
methods. Cf. Jeffreys, Operational Methods in Mathematical Physics, Camb. Univ. Press, 
1927, 35-38. 

7 V. F. Hess and R. W. Lawson, Wien. Sitzwngsber. 127, 1918, 1-55. 
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Knowing the rate of break-up of uranium, we shall now be able to find 
the time since the formation of any rock if we know the amounts of 
uranium and of the end product present. If indeed J denote the number 
of units of the end product present, we shall have 


1. uw+l 
=- SS 8  scroradoc 1 
wea log Hi (16), 
and if J/u is small an approximation to this will be 
l 
t = ical eee eseses (17). 


Thus a chemical analysis of the rock should give its age when the end 
product is identified. 


5-32. The argument so far given is independent of whether the various 
disintegration products are pure substances or not. All that has been 
assumed about their constitution is that each of them is made up of units 
of similar composition, each unit having been derived from one atom of 
uranium. The units themselves may be composed of atoms, which need 
not be all alike. Thus the occurrence of several chemically different 
substances in any disintegration product is possible. Experiments on the 
behaviour of uranium and radium have shown that this is actually the 
case. The gaseous emanation from radium contains two substances, namely 
the inert gas helium, which undergoes no further change, and a radio- 
active gas called radon (niton); each atom of radium yields one atom of 
each of these gases. Radon again breaks up, each atom giving one atom 
of helium and one of a further transient substance called Radium A. The 
disintegration continues and no fewer than five atoms of helium are lost 
in succession from a single atom of radium. Now the atomic weight of 
radium is 225-95. That of helium is 4-:002*. Thus the fifth product of the 
disintegration of an atom of radium should be five atoms of helium and 
one atom of an element with an atomic weight of 205-94; or possibly the 
heavier product might be two similar or even dissimilar atoms. The direct 
identification of this substance, or these substances, by keeping a sample 
of radium until an analysable quantity of the end product has accumulated, 
has not yet been carried out, but indirect evidence has given very definite 
information about its nature. Before we proceed to this point, however, 
we notice that the atomic weight of uranium, according to the best deter- 
minations, is 238-14}. The difference between the atomic weights of uranium 
and radium is nearly three times the atomic weight of helium, and it is 
actually found that uranium gives off three helium atoms in succession, 
forming the elements Uranium Ii, Ionium, and Radium. Thus the unit of 
the third disintegration product of uranium is an atom of radium and three 


* Aston, Nature, 120, 1927, 958. 
ft O. Honigschmid and W. E. Schilz, Zs. f. anorg. Chem. 170, 1928, 145-160. 
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atoms of helium, and the unit of the eighth product is eight atoms of helium 
and one or more atoms the sum of whose atomic weights is nearly 206-0. 


5-321. No element with an atomic weight differing from 206-0 by less 
than the probable error of an atomic weight determination was known 
when radioactivity was discovered. The nearest were Bismuth 208, Lead 
207-1, and Thallium 204. If the product contained two similar atoms of 
atomic weight 103, the conditions would be satisfied. The elements whose 
atomic weights are nearest to this are Rhodium 102-9, and Ruthenium 
101-7. The only one of these elements, and indeed the only metal at all 
other than the known disintegration products, invariably found in uranium 
minerals is lead. We have therefore strong reason for believing that the 
final product of the disintegration of uranium is lead. The discrepancy in 
atomic weight still presented a difficulty, until direct determinations of 
the atomic weight of lead from uranium minerals were made in 1914 by 
Honigschmid and Fraulein St Horovitz, Richards and Lembert, and 
Maurice Curie. It was found to be 206-2, not far from the predicted atomic 
weight, and almost a whole unit lower than that of ordinary lead. Later 
determinations have given values near 206-05*. Thus the end product is 
identified ; its unit consists of an atom of this new kind of lead, which will 
be called uranium lead, and eight atoms of helium. Like ordinary lead, 
uranium lead is not radioactive; no further degeneration occurs after this 
stage. Thus the determination of the age of a uranium mineral requires 
the determination of the amount of uranium still present, and of the 
amount of helium or of uranium lead present. When these are known, the 
ratio //u is determinable, and then the age of the mineral can be found 
from 5-31 (17). 


5-33. The use of the lead/uranium ratio for finding the ages of minerals 
was first attempted by Boltwood}, who found that the ratio of the 
amounts of uranium and lead present in uranium minerals of the same 
geological age was approximately constant. The helium/uranium ratio was 
applied in 1908-10 by the present Lord Rayleigh, then the Hon. R. J. Strutt. 
Both methods have been extensively used by Holmes. There is little doubt 
that the method involving the use of lead is the superior. It will be seen 
that the applicability of either method in any particular case depends on 
whether three conditions are satisfied. First, the final product estimated 
must have been absent from the mineral when this was first formed. 
There seems no reason to believe that original helium ever occurs in 
appreciable quantities in igneous rocks; original lead is common, but it 
is possible in many cases to attach a very high probability to its absence. 
Uranium in pitchblende is in the form of the oxide uranous uranate 


* ©. Hénigschmid and L. Birkenbach, Ber. d. d. Chem. Ges. 56, 1923, 1837. 
+ American Journal of Science, 23, 1907, 77-88. r 
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U (UO,),; no lead compound isomorphous with this occurs in these ores, 
and hence the lead and uranium must crystallize separately. When the 
crystals are too small for an analysis of a single crystal to be undertaken, 
as indeed is usually the case, it is more difficult to be sure that no crystals 
of a lead compound are intermingled with those of the uranium compound. 
If, however, we confine our attention to ores containing a large percentage 
of uranium, we can be practically certain that the amount of original lead 
is small compared with the amount of uranium. Doubt can in any case 
be dispelled or established by an atomic weight determination. 


5-331. The second condition required is that radioactivity must be the 
only agency that has altered the composition of the mineral since it was 
formed. All the lead or helium generated in the mineral must still be in it. 
Thus minerals altered by heat or water must be excluded, since heat 
produces recrystallization and accordingly separation of lead from the 
associated uranium, and promotes the diffusion of helium through the rock 
or even into the free air, while water may produce a chemical separation. 
If the mineral becomes exposed to the air, loss of helium by diffusion into 
the air is certain, and even within the crust leakage into the surrounding 
rocks is probable. Thus a mineral that has not undergone metamorphosis 
by heat or water probably contains its proper amount of lead; but it is very 
doubtful whether any mineral contains the whole of the helium generated 
from its uranium. Thus estimates based on the helium/uranium ratio will 
be systematically lower than the true ages of the rocks. 


5-332. Third, it must be possible to determine accurately the amount 
of lead or helium in the final product. The estimation of lead is not a 
difficult process, and presents no likelihood of serious error. In estimating 
helium, however, the mineral has to be ground to a fine powder, which 
then has to be heated 7m vacuo to drive off the included helium. Leakage 
occurs to some extent during the powdering process, and on this ground 
again the age found from the helium/uranium ratio must be too low. 

We thus see that while, with proper caution in selecting the minerals 
to be examined, the lead/uranium ratio is likely to give correct deter- 
minations of the ages of rocks, the helium/uranium ratio is practically 
certain to give results systematically too low. Thus estimates made by the 
latter method can be regarded only as lower limits to the possible ages 
of the rocks they refer to. 


5°34. Uranium and the elements derived from it are not the only 
radioactive substances known. The element thorium, of atomic weight 
232-15, is radioactive, and produces helium in its degeneration just as 
uranium does, one atom of it liberating six atoms of helium in succession. 
The final product is a lead of atomic weight about 208. The identification 
of the final product is based on the fact that lead is the only heavy metal 
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other than thorium and uranium regularly found in thorium minerals. 
The calculated atomic weight is 208-14. Lead from minerals containing 
much thorium is found to have a higher atomic weight than ordinary lead, 
but unfortunately these minerals are seldom free from uranium, and the 
results obtained are therefore below the theoretical atomic weight. The 
purest thorium mineral analysed was found by O. Hénigschmid* to contain 
lead with an atomic weight of 207-9. 

Thorium was found by Rutherford and H. Geiger} to break up at a rate 
of one part in 1-87 x 10° per year. Consequently it might be thought 
that it could be used, like uranium, for the measurement of geological 
time. There are, however, rather serious difficulties. 


5-35. As thorium is usually associated with uranium, it is best to have 
first a formula for calculating the age of a mixed mineral from its lead 
content. Equation 5-31 (15) implies, when we allow for the difference of 
atomic weights of uranium and lead, that 7:37 x 10° grams of uranium 
should produce 1 gram of lead per year. Thus if a uranium mineral free 
from thorium contains x grams of uranium and z grams of lead, the age 
of the mineral is Cz/x, where Cis 7-37 x 10° years, provided z/x is a small 
number. Similarly 20-8 x 10° grams of thorium produce one gram of lead 
per year, and therefore a mineral containing x grams of uranium and 
y grams of thorium is accumulating lead at the rate of 

x y x + 0-35y 
737102 20-8 1097-37 108 
grams per year. Hence if z is the number of grams of lead in the mineral, 
the age should be Cz/(x + 0-35y). Holmes and Lawsonf, as the result of 
a discussion taking account of the effects of possible systematic errors, 
give the approximate formula 


Se xe/ 400 -milliontyeare™ = Ah auecces (2). 
A small correction is needed for very old minerals. If 

2 
x + 0-38y’ 
the estimate in (2) should be multiplied by (1 — $v + 4v%). 

When this formula is applied to minerals containing little thorium, it 
is ordinarily found to give results consistent with the ages determined by 
geological methods; of two minerals, that known to be the older from 
stratigraphical evidence has the greater lead/uranium ratio. Exceptions 
are few, and usually easily explicable as due to original lead or meta- 
morphism. Minerals rich in thorium, however, give very irregular results, 
some being as great as those found from uranium minerals of the same age, 


v = 1-155 


* Zs. f. Hlectrochem. 22, 1916, 18. + Phil. Mag. 20, 1910, 691. 
~ Amer. J. Sct. 13, 1927, 327-344. , 
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but many very much lower (down to about a quarter). The variations are 
not systematic; two thorium minerals with the same age and associated 
with uranium minerals having the same Pb/U ratio may have very 
different ratios of the type z/(w + 0-38y).:' This fact seems, as Holmes points 
out*, to exclude the possibility that the variations are due to any pecu- 
liarity in the behaviour of uranium or thorium, such as Joly favours, and 
to show that they are due to differences in the history of the individual 
specimens. Lead generated in a uranium mineral would come into existence 
surrounded by atoms of uranium and oxygen, and would probably form 
instantly the highly insoluble lead uranate. On the other hand thorates 
do not exist, and thorium lead would form only an oxide or a silicate. 
Subsequent leaching by water would therefore tend to remove thorium 
lead and not uranium lead. Holmes, by a discussion of the atomic weights 
of specimens of lead from mixed minerals, is able to show that the ratio 
of the amounts of thorium lead and uranium lead in them is less than 
would be expected from the amounts of thorium and uranium, and to 
different extents strongly suggesting that thorium lead has been removed. 
Consequently results based on minerals containing much thorium are to 
be treated with caution. 


5-351. The following table gives determinations of the ages of minerals 
over a wide range of geological time, taken from the above paper of Holmes 
and Lawson. The ages are given in millions of years. 


Geological Age Absolute age Geological Age Absolute age 
Late Oligocene 37 Late pre-Cambrian (7?) 587 
Late Cretaceous (?) 59 Upper pre-Cambrian 640 
Permo-Carboniferous 204. Middle pre-Cambrian 987-1087 
Permian to Devonian 239-374 Lower pre-Cambrian 1257 


The table shows many serious gaps. For the whole Mesozoic era there is 
no determination whose geological age is definitely known, and there are 
uncertainties about the geological age of most of the Palaeozoic specimens. 
The trouble is the difficulty of fixing accurately the geological age of an 
igneous rock. The oldest rock mentioned is from Australia. Others from 
Mozambique and South Dakota have given greater ages (the latter 1525 
million years), but: are considered less trustworthy by Holmes+. It must 
be noticed that these rocks are intrusive into older sediments, and the 
age of the earth itself must be greater than that of the oldest rock analysed. 


5-36. The lead/uranium ratio forms the basis of a different method, 
due to Prof. H. N. Russell{. If we assume that all the lead of average 
igneous rocks has been derived from uranium and thorium since the 
formation of the earth, we shall obtain an estimate of the age of the crust 
as a whole. But as there was probably some lead in the crust initially 


* Phil, Mag. 1, 1926, 1055-1074. t Cf. also A. C. Lane, Science, 67, 1928, 631. 
t Proc. Roy. Soc. 99, 1921, 84-86. 
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this estimate will be in excess of the truth. Holmes has revised Russell’s 
work with better data*. The proportions of uranium, thorium, and lead 
in average igneous rocks are respectively 6 x 10-8, 15 x 10-%, and 
7-5 x 10-8. If thorium was absent and all the lead uranium lead, the 
original amount of uranium must have been 14:7 x 10-8, and the age of 
the crust therefore 5700 million years. Holmes, allowing for thorium, gets 
3200 million years. Aston, again, has recently succeeded in separating 
ordinary lead (from ores) into its isotopes, and has shown that it consists of 
three components, of atomic weights 206, 207, and 208}, in the proportions 
4:3: 7. The first is uranium lead, and the last thorium lead. The inter- 
mediate one cannot be of radioactive origin, and if it is present to any 
important extent in the lead generally distributed through rocks a further 
reduction in the estimated age will be necessary. It appears that the lower 
limit to the age of the earth obtained by studying individual minerals, 
and the upper limit given by the constitution of the crust as a whole, are 
sufficiently close together to fix the age as roughly 2000 million years. 


5-4. The Denudational Methods. We come now to the second and third 
methods of estimating geological time, which are usually described together 
as the geological methods; but since this may be held to constitute too 
narrow a use of the word ‘geological,’ they will be called the ‘denudational’ 
methods in the present work. Their methodological footing is altogether 
inferior to that of the method based on radioactivity. It has already been 
explained that an estimate of geological time requires two conditions: we 
must know the law satisfied by the rate of change we are using as our 
standard, and we must know its total extent in the interval we are 
measuring. The former condition is fulfilled by no denudational method; 
the latter is probably fulfilled with moderate accuracy by the accumulation 
of salt in the sea, but certainly not by the formation of sediments. Con- 
sidering first the law of the change, we know the present rates of transport 
of salt and detritus to the sea by rivers, but it is not known how these rates 
have varied in the past. The rate of land erosion must depend on the slope 
of the land, the quantity, temperature, and carbon dioxide content of the 
rain falling, and on the nature of the soil exposed. No quantitative relation 
is known between the rate of denudation and any one of these factors, 
nor do we know even approximately how any one of these factors 
themselves has varied during geological time. We have a good deal of 
information relating to the type of rocks exposed in many places at various 
geological dates, but in most places the nature of the solid surfaces has 
undergone considerable changes during geological time, and there is no 
geological date such that the nature of the solid surface then is known 
for all points of the earth. We often know whether the land in some region 
was rising or sinking at a particular date, but we never know the precise 


* Nature, 117, 1926, 482. + Ibid. 120, 1927, 224. 
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extent of the elevation nor of the change of slope. Information concerning 
the amount and nature of the rainfall is still more vague in character. 
Finally, even if we had all this information, we should still not be able to 
find the rate of denudation at any geological date, since the physical laws 
connecting it with the relevant data are still unknown. 


5-41. In the estimates hitherto made by the denudational methods”, 
it has always been assumed that the rate of denudation has been uniform 
throughout geological time, an assumption that is incorrect for the reasons 
just given. The amount of sodium carried to the sea annually is about 
1-56 x 1014 grams, and the total mass of the sodium in the ocean is about 
1-26 x 1022 grams. If the accumulation had been uniform, the age of the 
ocean would have been 8 x 107 years. This is practically Joly’s estimate of 
1899. But much of the sodium carried to the sea is derived from the denu- 
dation of sedimentary rocks, and has therefore been in the sea before. 
Igneous rocks contain only about 2 per cent. of the chlorine required to 
combine with their sodium, and therefore it is probable that nearly all the 
chlorine in the ocean is of volcanic origin. If so, the amount of sodium 
corresponding to the amount of chlorine carried to the sea by rivers must 
be almost wholly derived from sedimentary rocks. This amounts to about 
60 per cent. of the whole amount of sodium carried by rivers. Hence the 
amount of new sodium is unlikely to exceed 6-9 x 10% grams annually. If 
this value is adopted, the corresponding age of the ocean is 1-8 x 10% years. 
This is still too low, for much unchlorinated sodium must also be included 
in the sedimentary rocks, so that some of even the unchlorinated sodium 
must have been in the ocean before. Hence a further increase by a prac- 
tically incalculable amount is necessary. 

Holmes points out} further that the current estimates of the sodium 
carried by rivers in solution alone are greater than the whole sodium 
content of the rocks being denuded. The explanation seems to be that the 
sodium is usually determined by difference and not directly, and is therefore 
affected by the systematic errors of some of the other metals. Consequently 
the method is vitiated from the start. 


5-42. The method based on the accumulation of sediments also meets 
with additional difficulties. After an elaborate discussion of the possible 
ways of utilizing it, Holmes decides that the most satisfactory is probably 
as follows. The igneous rocks at present exposed at the earth’s surface 
produce altogether a cubic mile of sediments in five years. The total 
volume of sediments on the earth’s surface is estimated at 7 x 107 cubic 


* Most of the following arguments are from The Age of the Harth, by A. Holmes, Harpers, 
1913. Full references to earlier work on these lines will be found there. 
+ Phil. Mag. 1, 1926. 
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miles. Sediments derived from other sediments are not new, and are 
excluded by this method. The age of the ocean is thus estimated at 
3-5 x 108 years. 


5-43. These two methods are, however, incapable of giving satis- 
factory determinations of the age of the ocean, for the reasons already 
given. The results are much smaller than the age of the oldest known rocks 
whose lead/uranium ratios have been determined, the difference being too 
great to be explicable by uncertainty as to the present rate of denudation 
or the actual total extent of denudation. Accordingly they are to be 
regarded as in error owing to variations in the rate of denudation. Their 
value, such as it is, is that they amount to a proof that the present rate 
of denudation is several times greater than the average of the past; they 
are not estimates of the age of the ocean. 


5:5. The Solar Energy Method. The fourth method is the original 
method of Lord Kelvin*, based on the contraction theory of Helmholtzf. 
If m be the mass of a body and U the gravitational potential at its 
surface, the kinetic energy acquired by a mass dm in falling from an 
infinite distance to the surface of the body is Udm. When the added mass 
reaches the surface the kinetic energy becomes converted into heat and 
hence becomes available for radiation. Thus the total energy liberated by 
condensation can be found by supposing the whole mass to be brought up 
gradually from an infinite distance and deposited in thin uniform layers 
over the surface, and adding up the energies acquired by all in their fall. 
If the mass be supposed of uniform density p in its final stage, and if the 
radius at any intermediate stage be 7, and the final radius a, we find for 
the energy of condensation the amount 


W = | im dm = | * enfor?. Anpredr 
0 


where JM is the final mass. In the case of the sun this energy amounts to 
2-6 x 1048 ergs, or 1:3 x 10% ergs for each gram of the sun’s mass. The 
latter result shows that any chemical energy in the sun must be of very 
small importance in comparison with condensational energy, since the 
energy of the most violent chemical reactions amounts only to quantities 
of the order of 104 calories per gram, or of 10" ergs per gram. 

Now the radiation received by a square centimetre of material exposed 
normally to the sun’s radiation at the earth’s distance from the sun is 
0-03 cal. per second. Taking the earth’s distance from the sun as 
1:5 x 1043 om., we see that the sun must be losing energy at a rate of 


* Phil. Mag. 11, 1856, 516-518. + Phil. Mag. 23, 1862, 158-160. 
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3-3 x 1033 ergs per second. Thus the total condensational energy of the 
sun would provide for radiation at the present rate for 7-8 x 10! seconds 
or 25 x 107 years. . 


5-6. Possible Sources of Solar Energy. This estimate is only of the order 
of a fiftieth of the age of the oldest rocks, as found from the lead/uranium 
ratio. Accordingly either some other, and much more abundant, supply 
of energy is available in the sun, or else there is a definite inconsistency 
between two results both based on physical laws. The geophysical evidence 
was the first to indicate that there must be some error in the Kelvin scale 
of time in stellar evolution, but several purely astronomical arguments 
have been found to point in the same direction. Individually perhaps none 
of them is quite decisive, but together they provide a means of coordinating 
so many facts that they must be taken very seriously. The first was based 
on the period of the variable star 5 Cephei. It has been seen that, given 
the mass and radius of a star, we can find its condensational energy (apart 
from a correction for heterogeneity, which does not affect the order of 
magnitude). If in addition we know the rate of emission of energy (that 
is, the bolometric absolute luminosity) we can find how fast the star 
should be contracting if its whole output of energy is derived from con- 
densation. Now the star in question executes a regular pulsation, whose 
period is theoretically proportional to the inverse square root of the density. 
Thus condensation should alter the period at a calculable rate. According 
to Prof. Eddington’s latest estimate* the decrease should be 17 seconds 
annually. Estimates of the observed change differ, but none exceeds 0-1 
second annually. Accordingly the evolution cannot be proceeding more 
than ;+, as fast as the contraction theory indicates. Other Cepheid 
variables point to the same conclusionf. 

What brought the matter to a head was Eddington’s theory of stellar 
luminosity, published in 1924. It was found both by theory and observa- 
tion that the luminosity of stars is almost wholly determined by their 
mass and to a very subsidiary extent by anything else. The stars capable 
of being tested ranged in absolute magnitude from — 4 to + 11, and none 
deviated from the luminosity calculated from the mass alone by much 
over one magnitude. Now on the theory of relativity all forms of energy 
possess mass; when a star radiates away a quantity of energy W it loses 
mass W /c?, where c is the velocity of light. Important loss of mass from a star, 
so far as we know, can take place in no other way§. Hence stars are losing 

* The Internal Constitution of the Stars, 1926, 290. 

{ The pulsation theory of Cepheid variation is due to Prof. Eddington, M.N.R.A.S. 
79, 1918, 2-22, and Prof. H. Shapley, Ap. J. 40, 1914, and Mount Wilson Contributions, 
Nos. 92, 153, 154. It is not free from difficulties, and is definitely rejected by Jeans. Cf. 
M.N.R.A.S. 87, 1927, 326-330 for a summary of the arguments on both sides. 

{ M.N.R.A.S. 84, 1924, 308-332. 


§ Direct loss by expulsion of atoms was Moueed by E. A. Milne, M.N.R.A.S. 86, 
1926 459-473. 
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nas at rates determined by their luminosities, and therefore by their 
masses, This gives at once a soluble differential equation to find out how 
the mass and luminosity of star vary with the time. Eddington* finds 
the following durations, among others, of stages in the evolution of a star: 


Abwlute bolometric magnitude Mase (Sun=1) Duration (10 years) 
040 to + 25 27 to 1-73 93 
+25 t+ 50 1-73 to 0-92 52) 
+ 50 to +75 092 to 0-53 5630 


Thus we are at once forced to think in terms of 10% or 10% years as 
our unit of time instead of 10’ years. The sun is losing energy at a rate of 
33 x 10 ergs per second, and therefore mass at 3-7 x 10)? grams per 
second, The loss of mass in 10 years would be about 10” grams, or 
gt05 OA the mass of the sun. It is for this reason that no appreciable 
change in the state of the sun during geological time is to be expectedt. 

The argument assumes that the evolution of stars is along a series 
such that Eddington’s mass-luminosity relation holds at all points. The 
alternative would be that each star satisfies the relation for only a short 
time and is too faint to be observed before and after the interval when it 
satisfies it. There is, however, no direct evidence for such a view, and even 
if it were correct it would still vitiate the simple theory of condensation. 

The extended time-scale also affords hope of accounting for the large 
eccentricities of the orbits of binary stars and for the correlation between 
the masses of stars and their velocities. Both phenomena could be ac- 
counted for by frequent close approaches to other stars; the new time- 
seale seems to provide time for enough such approachest, while shorter 
scales did not. 

The most probable mechanism of the loss of mass seems to be that in 
stellar conditions a positive nucleus (hydrogen ion) and a negative one 
(dlectron) may coalesce. Their masses arose from their electric charges; 
but these neutralize each other and go ont of existence, nothing being left 
but an electromagnetic wave travelling out with the velocity of light. 
This idea was offered originally by Jeans§ as an explanation of radio- 
activity. It is of course known now that this involves no losses of mass 
of the order of 2 unit in atomic weight, but the phenomenon of explaining 
something different from what one sets out to explain is well known in 
theoretical physics||. It was tentatively revived by Eddington in 19179, 
who also considered a less drastic hypothesis. The atomic weight of 
hydrogen, on the basis O = 16, is 1-008. All other atomic weights of single 


isotopes are nearly integers. If then other elements are composed of 
* Internal Consitution of the Stare, 309. 4 Ch. U_N.B.A.S. 85, 1925, 4IZAI6. 
t Jeans, U.N.ELAS, 85, 1924, 2-11. § Noture, Sune 2, 1904, 111. 


| The losses of energy in radioactive changes correspond to differences of atomic weight 
of the same order of magnitude as the actual departures of the atomic weights from whole 
numbers, and must be to some extent responsible for them. 

§ Notre, Aug. 2, 1917, 445. : 
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hydrogen nuclei and electrons, there has been a loss of mass of 0-8 per cent., 
which has presumably gone as energy*. This would supply the sun’s 
expenditure of energy for 1-4 x 101! years, enough for geophysical pur- 
poses, but it does not explain the relevant astronomical facts. Accordingly 
the conversion of matter into energy seems to be the most satisfactory 
hypothesis yet offered, though it cannot yet be said to be fully understood. 

The method based on tidal friction will be described in Chapter XIV; 
it gives the order of magnitude of the age of the moon. The thermal 
method is vitiated by the effects of radioactive heating (see Chapter 
VIII); it can however be made to yield a lower limit to the age of the 
earth}, of the same order as that given by 5-5. 


5-7. Thus of all the methods suggested for the measurement of the age 
of the earth, only the lead/uranium ratio method is quantitatively satis- 
factory. It implies that the age of the ocean exceeds about 1200 million 
years, and probably 1500 million years, but not 3000 million years. It is 
now necessary to discuss the lengths of the various stages in the history 
of the earth that elapsed before the formation of the ocean. 


5-8. The time taken by the earth in liquefying and solidifying is easily 
shown to be a small fraction of its age. The rate of loss of heat per 
gram of its mass is given by the formula of 2-5, namely 3cV4/pa, where 
a is the radius. If we take 

o= 5x 10%c.g.s. Centigrade units, 

V = 3000°, 

a= 6-4 x 108 cm., 
so that we are taking practically the boiling point of terrestrial materials and 
the present radius, this rate of loss amounts to 4 ergs per second per gram, 
or 3 calories per gram per year. The total energy due to the initial tempera- 
ture of the gaseous earth could hardly exceed 6000 calories per gram, 
while the formula in 5-5 for the energy due to condensation shows that the 
energy per unit mass is proportional to M/a, and therefore in the case of 
the earth must have been about 10,000 calories per gram. Thus if the 
earth remained gaseous the whole of the condensational and initial thermal 
energy would have been radiated away in 5000 years at most. The actual 
rate of radiation would be somewhat greater than this, since the earth 
in the gaseous state must have been more distended and therefore have 
had a larger radiating surface than at present. Thus liquefaction must 
have been complete within 5000 years of the formation of the earth. 

If we suppose the primitive earth to have had within itself a store of 
energy per unit mass comparable with either of those suggested for the sun 
in 5-6, this energy would maintain radiation at the rate appropriate to a 
gaseous earth for 1/33 of the time it enabled the sun to radiate at the 


* Brit. Ass. Report, 1920, 45. + Nature, 108, 1921, 284, 
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same temperature; but the present rate of production of heat from 
atomic changes in the earth suggests that the atomic energy per unit 


mass in the earth is in no way comparable with what appears to be 
required for the sun. 


5°81. The liquefaction would be complete when all the latent heat of 
evaporation had been radiated away, and cooling to the melting point 
would then proceed. The latent heat of fusion would then have to be lost 
before solidification was complete. The total loss of heat from the com- 
mencement of condensation to the completion of solidification would 
hardly exceed 2000 calories per gram. Taking the melting point as 1500°, 
we find that the rate of loss of heat per gram at that temperature would 
be 4 calorie per year. Thus the time between the onset of solidification 
and its advancement to such a stage that internal convection was stopped* 
could not exceed 10,000 years. Hence we can allow in all 15,000 years 
from the formation of the earth to its solidification to this extent. The 
present temperature of the surface is almost wholly maintained by solar 
radiation, which has hardly changed, and it is therefore probable that the 
surface cooled to nearly its present temperature very soon after solidifi- 
cation. The formation of an ocean then became possible. 

The formation of the moon can be placed with some accuracy with 
regard to the process just outlined. It has been seen that conditions 
suitable for the formation of the moon by resonance did not exist till the 
diameter of the earth had almost attained its present value: until that 
time rotation would be too slow for resonance. Hence it could not have 
taken place until liquefaction was nearly complete, at the earliest. The 
conditions could not occur after the solidification had proceeded far 
enough to stop internal fluid motions, for such solidification would 
introduce a good deal of rigidity (see p. 181), which is absent from a fluid, 
and thereby would considerably shorten the period of a free vibration. 
Thus the free vibration would again become quicker than the period of 
the semidiurnal tide; in other words, rotation would again be too slow for 
resonance. Hence we can say that the birth of the moon took place while 
the earth was almost wholly liquid, the amounts of gaseous and solid 
constituents present being insufficient to produce any considerable effect 
on its period of free vibration. The moon existed before the ocean, and was 
probably formed within 10,000 years of the formation of the earth as a 
separate body. 


5-9. Summary. The earth probably became solid within 15,000 years 
of its ejection from the sun, and soon afterwards cooled at the surface 
sufficiently for an ocean to condense. The moon, if it was ever part of the 
earth, was formed about the time when solidification was starting. The 


* A slight modification of this will become apparent in Chapter VIII, but need not 
affect the present discussion. 
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interval from the formation of the ocean to the present time constitutes 

the greater part of the age of the earth, and it is possible that all the 

previous stages together occupied only an insignificant fraction of it. 
Collecting our results, we have found the following: 


1. From the eccentricity of the orbit of Mercury, we saw that the 
whole time since the rupture is probably between 10° and 101° years. 

2. The ages of the oldest known minerals, found from the lead/uranium 
ratio, are about 1-3 x 10° years, and since the geological evidence indicates 
that some sedimentary rocks are still older, the age of the ocean must 
exceed 1-3 x 10° years. 

3. The amounts of uranium, thorium, and lead in the crust as a whole 
indicate a time less than 3 x 10° years since solidification. 


The second and third results are in good agreement with the first. 
The age of the earth is therefore probably between 1-3 x 10° and 3 x 10° 
years. The other methods are less satisfactory. The best inference that 
can be drawn from the denudational methods is that the present rate of 
denudation is about four times the average of the past, a conclusion in 
harmony with the fact that the present time is just after a glacial period 
and a period of mountain formation, both of which would tend to increase 
the rate of denudation very considerably. The Kelvin method, based on 
the sun’s supply of energy, leads to inferences about the stars that do 
not accord with the facts, and it therefore cannot be trusted. It indicates 
rather that the sun has some source of energy other than condensation ; 
and it is possible that the mutual annihilation of positive and negative 
ions supplies most of this energy. 


CHAPTER VI 


Seismology : General Considerations and Structure of 
the Upper Layers 
“T heard the water lapping on the crag 


And the long ripple washing in the reeds.” 
Tennyson, The Passing of Arthur. 


6:1. Petrological Preliminaries. The rocks exposed at the surface of 
the earth fall into two main divisions, the igneous and sedimentary rocks. 
The latter are derived from the former, which will therefore be considered 
first. Igneous rocks are composed mainly of silicates and free silica. The 
silicates themselves are of three main types: orthosilicates, containing the 
quadrivalent radical $10,; metasilicates, containing the divalent radical 
SiO;; and trisilicates, containing the quadrivalent radical Si;0,. Com- 
paring them, we see that four metallic valencies correspond in an ortho- 
silicate to one silicon atom, in a metasilicate to two, and in a trisilicate to 
three. This order is therefore one of increasing acidity, and can be con- 
tinued by the addition of free silica, the acidic oxide, at the end. Some 
of the principal rock-forming minerals and their properties are given in 
the following table, which is mostly extracted from F. W. Clarke’s Data 
of Geochemistry, 1924; G. W. Tyrrell’s Principles of Petrology, 1926; 
Landolt-Bornstein’s Physikalische Tabelle, 1923; and Boeke-Hitel, Physi- 
kalisch-chemischen Petrographie, 1923. Only a brief summary of the vast 
literature of petrology can of course be attempted here, but the solution 
of the problems treated in the present work has not yet proceeded so far 
as to make greater detail necessary. 


Name Composition Density Melting-point (° C.) 

Silica Quartz SiO, 2-65 —- 

Tridymite SiO, 2:3 1670 

Cristobalite SiO, 2-348 1710 
Trisilicates Orthoclase KAISi,0, 2-56 1200 (?) 

Albite NaAlSi,0, 2-605 1100 
Metasilicates Diopside CaMg(SiO,). 3-275 1391 

Enstatite MgSi0, 3-1 1557 (?) 

Hypersthene (Fe, Mg)SiO, 3°4-3-5 1500-1550 (?) 
Orthosilicates Anorthite CaAl,(Si0,). 2°765 1550 

Forsterite Mg,Si0, 3-2 1890 

Fayalite Fe,SiO, 44-14 1055-1075 

Muscoyite KH,Al,(SiO,)3 2-85 = 

Biotite KHMg,Al,(Si0,)3 2-7 — 

Garnets (Ca, Mg, Fe)(Al, Fe),(SiO,), 3:4—4-2 — 


With reference to this table, quartz is the commonest natural form of 
silica, but is transformed into tridymite at temperatures over 800° and 
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into cristobalite at 1200° (Day and Shepherd). Albite and anorthite form 
the isomorphous mixtures known as the plagioclase felspars. The common 
mineral augite is diopside, with part of the magnesium replaced by ferrous 
iron, and with some alumina (AI,0;) in solution. Enstatite, hypersthene 
and augite are known as pyroxenes; all are somewhat variable in com- 
position and properties on account of the tendency to form isomorphous 
mixtures. Forsterite and fayalite mixed form the important mineral 
olivine: Natural specimens of this usually melt near 1400°. Muscovite 
and biotite are the two commonest micas. Hornblende is a mixture of 
the form m Ca(Mg, Fe),(SiO,), + 2 CaMg,Al,(SiO,),;. Several of the above 
minerals decompose at high temperatures, notably orthoclase, enstatite, 
muscovite, biotite, and the garnets, and the melting-points given are 
really temperatures of decomposition. The value 1557° given for enstatite 
corresponds to its isomer clinoenstatite ; this partly decomposes on melting. 


6-11. The principal rocks we shall need to consider are granite, grano- 
diorite, syenite, diorite, basalt, eclogite, peridotite, and dunite. A typical 
granite consists mainly of orthoclase and free quartz, with small amounts 
of micas. Syenite is roughly similar, but does not contain free quartz. 
Diorite is essentially plagioclase felspar with some biotite, hornblende, or 
augite. In a granodiorite comparable amounts of quartz, orthoclase, and 
plagioclase are associated. 

Basalt, dolerite, and gabbro are rocks of similar composition, the 
finest-grained ones being called basalts and the coarsest gabbros. The 
principal minerals in them are plagioclase, the pyroxenes, and often olivine 
and magnetite (Fe,0,). Peridotites are largely composed of olivine, dunite 
almost wholly so. 

Eclogite consists largely of garnets. It is chemically equivalent to a 
gabbro, according to equations of the type 


CaAl,(SiO,). + Mg,Si0, = CaMg,Al,(Si0,)s 


anorthite forsterite garnet 
CaAl,(SiO,), + CaMg(SiO,), = Ca.MgAl,(SiO,); + SiO, 
anorthite diopside garnet silica 
NaAISi,0, = NaAl(SiO;), + SiO, 
albite jadeite silica 


Its interest arises from its high density; garnet has a density of about 3-7 
and jadeite 3-34. Consequently eclogite is widely believed to be the normal 
form of gabbro at high pressures*. 

Rocks are not constant in chemical composition. Every intermediate 
stage exists between a granite and a dunite. The names given to them 
represent a classification that geologists have found convenient, but two 
rocks in the same class may differ appreciably in composition. 

The densities of typical rocks of the above types are: granite, 2-64; 


* L, L. Fermor, Records Geol. Survey of India, 43, 1913, 41-47. 
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granodiorite, 2-73; diorite, 2-85; syenite, 2:78; gabbro, 2-94; peridotite, 
3°18; dunite, 3-3; eclogite, 3-4. The general correlation of density with 
basicity is to be specially noticed. 

In addition many rocks exist in wholly or partly vitreous or glassy 
forms. Thus granite is chemically equivalent to obsidian, of density 
2-33-2-41, and basalt to tachylyte, of density about 2-85. 


6-12. Igneous rocks exposed at the surface are slowly acted upon 
chemically by water, aided by dissolved carbon dioxide. In a granite, for 
instance, the orthoclase is converted into kaolin and muscovite, thus: 

2K AISi,0, + 2H,O + CO, = 2HAISiO,.H,O + 48i0, + K,CO, 


orthoclase kaolin 
3KAISi,0, + H,O + CO, = KH,Al,(Si0,); + 6Si0, + K,CO, 
muscovite 


The potassium carbonate and silica are removed in solution, and the 
kaolin and muscovite in suspension. Kaolin when redeposited produces 
clay. The disintegration of the quartz, mica, and unchanged orthoclase 
left is mainly mechanical, and gives ultimately sand with micaceous flakes. 
Similarly plagioclase is broken up, the sodium and calcium being removed 
in solution as carbonates or bicarbonates. Magnesium in rocks is also 
usually dissolved during denudation. Iron may be dissolved, but if so is 
usually oxidized and reprecipitated as ferric hydroxide, with the texture 
of a clay. Typical sandstones and shales are formed from the sands and 
clays produced in this way. The dissolved calcium and magnesium in the 
ocean are continually removed to form limestone and dolomite. The 
potassium, according to Clarke, is partly absorbed by clays and silts and 
partly precipitated on the ocean floor in glauconite*. 

The densities of sedimentary rocks are naturally very variable. When 
freshly deposited they are loose and the pore space is filled with water; 
consequently the rocks are much less dense than the individual particles. 
When they are raised above sea level and drained the pore space is emptied 
without much contraction of the rock as a whole, and the density becomes 
still less. If a rock is metamorphosed by heat and pressure, pores close up; 
the density then increases, and in extreme cases becomes equal to that of a 
crystalline mineral of the same composition. The following data are taken 
mainly from Kempe’s Hngineer’s Year-Book and the American Mechanical 


Engineer’s Pocket-Book: 


Clay, 1-8-1-93; slate, 2-77. Shales may have any intermediate density. 
Sand, 1-39-1-9; sandstone, 2-2; quartzite, 2-6. (Cf. quartz, 2-65.) ; 
Portland Stone (oolitic limestone), 2°37; limestone, 2-48-2-53; marble, 2-70. (Cf. 


calcite, 2:72.) 


6-13. The commonest igneous rocks exposed at the surface are, in 
order, granite (with granodiorite), basalt, and andesite. The last is similar 


* Cf. Holmes, Geol. Mag. 1919, 251-254, 340-350. 
6-2 
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in composition to diorite, but is fine in texture. Now all these rocks have 
at some time or other come up from some depth within the crust (unless 
indeed some of the granite was originally at the top) and therefore are 
representative of the material at various depths. But we shall expect the 
materials to be more or less stratified according to density, and therefore, 
comparing these facts with the densities given in 6-11, we infer that the 
uppermost igneous layer in the crust is probably granitic, with a basalt 
layer below it, possibly separated by a layer of diorite. We shall see later, 
however, that this structure will not represent the whole of the facts 
revealed by seismology, and that especially a layer of some denser rock such 
as dunite is required below the basalt. 

The idea of a general granitic layer, forming the primitive upper rocks 
of the continents, was given by Suess in Das Antlitz der Hrde, 1885-1909. 
It depends on the widespread granitic areas that form the great continental 
shields, largely of pre-Cambrian ages, and on the abundance of sandstone, 
which must have been derived originally from granite. The denser rocks, 
such as basalt and andesite, have been intruded through the general 
granitic layer from greater depths. In addition large granitic intrusions 
of more recent age are known, formed presumably within the granitic layer 
itself and then driven up to the surface. 

None of the rocks considered likely to be prevalent near the surface 
have densities over 3-4 or so. The mean density of the earth, on the other 
hand, is about 5-5. It can be shown that compression is unable to increase 
the mean density of the materials to anything like this amount, and a still 
denser material is indicated near the centre. Reasons will be given later 
for supposing this to be a core of nickel-iron alloy, in a liquid state, and 
with a density near 12. The density of such an alloy under ordinary 
pressures would be about 8; the difference is to be accounted for by the 
high pressure at great depths. 


6-2. Waves started by Fractures. The earth’s crust is continually under- 
going permanent deformation under the influence of the stresses developed 
within it in the course of its evolution. The deformation may take the 
form of gradual flow or of fracture. In each case strain energy is converted 
during the set into energy of internal motion. In the case of flow, the 
transformation is gradual, and produces only local heating; however great 
its ultimate effect may be, it produces no immediately observable conse- 
quences. The behaviour of the crust in the event of fracture, on the other 
hand, may be illustrated by analogy with an elastic string stretched to 
such an extent that it ultimately snaps. The relief of tension at the point 
of rupture initiates a separation of the exposed ends, and the motion 
spreads through the whole length of the string. In the same way, a fracture 
in the crust of the earth starts a movement there, leading to a wave, 
which spreads throughout the earth. 
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6:3. Hlastic Waves within a Solid. It is easily seen that two types of 
plane wave are possible in a homogeneous elastic solid body; by a plane 
wave we mean that the displacement of a particle at any instant depends 
only on the time and the distance from a fixed plane. If we take the axis 
of x perpendicular to this plane, and those of y and z in it, and if wu, v, w 
are the components of displacement parallel to these axes, the equations 
of motion are 


02 ‘cathe 7a 9 
P aig (Us v, Ww) = (A+ p) (se one =) 0 EEN (i, O51). ares (1), 


where p is the density, ¢ the time, A and p the two elastic constants of 
the substance, and 


ou ov. ow 
Sa sieges ee (2). 


If we differentiate the three equations (1) with regard to 2, y, z and add, 
we find 


a28 
en (a)? i eee (3). 


But since the wave, by hypothesis, is plane, all derivatives with regard 
to y and z are zero, and 4 is simply du/dx. Also the equation of motion 
in the x direction is 
O*u 07 
Pama = (At 2h) a ee eeeecoe (4), 


and therefore if wu satisfies (4), 0u/dx will satisfy (3). Further, if 


ps" \ aaa pe ee ee! a NA ae (5), 
the general solution of (4) is 


ia fe — ot) eG (eat). gehinnn npn (6), 


where f and g may be any functions whatever. If we imagine g to be zero, 
then if we increase t by an amount 7 and x by az, the value of wu is un- 
altered. Thus the term in f represents a displacement such that after an 
interval 7 every displacement is repeated at a distance az in the direction 
of x increasing: that is, it represents a wave travelling with velocity @ in 
the direction of x increasing. Similarly the g term represents a wave 
travelling with the same velocity in the opposite direction. 

The other displacements v and w satisfy the equations 

2 2 
pS (0 0) = jen re Negi NE ME Ta Al caret Sao (7). 


It follows similarly that if pp? = pu ot) We eta (8) 


the displacements in v and w are represented by waves travelling parallel 
to the x axis with velocity f. 
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It appears therefore that if w is not constant, and 6 therefore not zero, 
the disturbance will travel with velocity a. On the other hand if v and w 
are not zero the disturbance will travel with velocity 8; and a> f. The 
possible disturbances therefore break: up into two types. One has the 
displacement in the direction of propagation, no displacement at right 
angles to this direction, and velocity a; the other has displacements only 
at right angles to the direction of propagation, and velocity 6. For the 
latter 8=0. We can easily verify that in fact the systems of displacements 


u=f(ce—at) v=0,W=O0 = aacnvneee (9); 
u=0, v= o(x— Pt), W=O  ———aeweeneee (10), 
wb =O, 0 = 0 80 =a (a — pt) eee (1d); 


where f, ¢, and % are any functions, are solutions of (1) and therefore 
represent possible types of waves. The type (9) are called the longitudinal, 
irrotational, condensational, primary, or P waves; (10) and (11) the 
transverse, distortional, equivoluminal, secondary, or S waves. Prof. 
H. H. Turner has very appropriately called them the ‘push’ and the 
‘shake.’ The displacements v and w are independent; we can therefore 
have an S wave polarized in either direction in the wave-front. It is often 
useful to distinguish whether the displacement in an S wave is horizontal 
or in a vertical plane through the direction of propagation; in the former 
case it is called an SH, in the latter an SV wave. The two types are re- 
flected differently at a horizontal interface between different materials. 

The existence of the longitudinal and transverse elastic waves was first 
predicted theoretically by Poisson*. The case A = x, making a = V38, is 
of theoretical interest, and is near the truth for much of the earth’s 
material. 


6-31. There is a general analogy between the properties of bodily 
elastic waves and those of sound or light. When they are not plane waves 
but spherical ones spreading from a symmetrical source in a uniform body, 
the displacement at a point as the wave passes decreases like the inverse 
distance from the source. In a heterogeneous body the propagation is in 
general approximately according to the laws of geometrical optics. If the 
origin is at a point /, the time of transmission of a P wave to a point Q 
on the surface by a given path would be fds/a taken along the path, where 
ds is the element of length along the path and « the local velocity of a 
P wave. The first P wave to arrive at Q is the one that travels by the 
path that makes this integral least. Similarly the first S wave to arrive 
comes by the path that makes fds/f least. In a homogeneous body these 
paths are straight lines, but in a heterogeneous one they are convex 
towards the side where the velocity is greatest. 


* Mém. del Acad. Paris, 8, 1829, 623-627; 10, 1831, 578-605. 
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6-32. We thus arrive at the notion of rays, or paths of least time, in 
seismology as in geometrical optics. The wave-fronts are the loci of points 
reached simultaneously by a wave of given type, and cut the rays at right 
angles. In dealing with the amplitudes of the waves we can often use an 
approximation based on the principle that energy is propagated without 
loss along the rays, so that if we consider a surface formed of rays, the 
energy that crosses every cross section of this surface is the same. This 
approximation is valid provided that the properties of the medium do not 
change appreciably within a single wave-length. That it is not exact can 
be seen by considering compressional waves of uniform amplitude propa- 
gated along the interior of a circular cylinder within a solid. The wave 
fronts are everywhere perpendicular to the axis, and therefore, on the 
above hypothesis, energy would be transmitted rigorously parallel to the 
axis, and no disturbance at all could be set up outside the cylinder. But 
as the wave travels along it sets up variable stresses on the surface of the 
cylinder, and these act on the matter outside the cylinder and set up 
motions in it. Thus a disturbance localized in a region will ordinarily be 
associated with a travelling disturbance in a fringing region. This pheno- 
menon is diffraction. In general it is present whenever the wave-fronts 
have not spherical symmetry about a point; its effect on the distribution 
of energy is important in some seismological cases, but not in others. It 
does not in any case affect the time of transmission as determined from 
the minimal conditions. 


6-33. Elastic waves undergo reflexion and refraction at interfaces 
between different media, and at free surfaces. The phenomena are, how- 
ever, more complicated than in sound or optics, because each medium can 
in general transmit both longitudinal and transverse waves. Thus when a 
plane P wave is incident on a horizontal boundary between two solids it is 
ordinarily broken up into four waves, a reflected P and an SV wave, and 
a transmitted P and an SV wave. The two derived P waves will be referred 
to as ‘of the original type’ and the two SV waves as ‘transformed waves.’ 
Similarly an incident SV wave gives two SV waves and two P waves, 
the latter in this case being the transformed waves. An SH wave, on the 

_other hand, gives only reflected and transmitted SH waves. Let us use 
the letter 7 to denote the angle made by the direction of travel of a P wave 
with the normal at the point of incidence, and j to denote that made by 
an S wave. Further let suffix | refer to the reflected waves and the 
original medium, and accents to the transmitted waves and the second 
medium. Then in the reflexion of a P wave the angles 7 and 7 are connected 
by the relations 


sin? sint, sinj, sine’ sinj’ 


a a B a’ es 


where the waves referred to by the various expressions are, in order, 
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incident P, reflected P, reflected SV, transmitted P, transmitted SV. 
Similarly when the incident wave is of type SV we have the relations 
sinj sin 4, Sinj, _ sin eye ee ae (2). 
B ot abel alte oi 2 
If the incident wave is of type SH we have simply 
sinj sinj, sinj’ 
B B p’ 
It may happen that the sines of the angles 7 and j for some of the derived 
waves, as calculated from (1), (2), or (3), are greater than 1. The corre- 
sponding movement is then not a wave receding from the interface, but 
an oscillatory motion decreasing exponentially in amplitude as we recede 
from the interface. This case is analogous to total reflexion in optics. An 
ordinary derived wave carries energy continually away from the interface, 
the four together accounting for the whole of the energy brought by the 
incident wave; but these exponential disturbances transport no energy 
on an average. 

Numerous cases of the reflexion and refraction of elastic waves have 
been worked out in detail*. The results are in many cases very remarkable. 
Thus for the reflexion of P waves at a free surface, when the ratio a/B 
is 1/3, at least half the energy goes into the reflected distortional wave 
for all angles of incidence between 27° and 88°. For normal and grazing 
incidence there is complete reflexion in the original type. When an SV 
wave is reflected, more than half the energy goes into the reflected P wave 
if the angle of incidence is between 15° and 35°, and the reflected distor- 
tional wave disappears altogether for incidence at 34° 16’ and 30°; but 
for incidence at any angle greater than 35° 16’ there is total reflexion in 
the original type. SH waves at a free surface are of course completely 
reflected in the original type. 

At an interface between two media not too different in properties, 
the variation of the ratios of the amplitudes with angle of incidence is 
more regular. When a derived wave grazes the interface it always carries 
a vanishing fraction of the energy. Transmission in the original type is 
generally most complete at normal incidence. Transmitted transformed 
waves are usually small. 

Where one of the media is a liquid, it transmits condensational waves 
only. A large condensational wave may be derived in this case from a 
distortional wave incident on a surface between a solid and a liquid. 


6-34. In addition to the bodily waves so far considered, an elastic 
solid with a free surface can transmit waves such that the motion is 


* C. G. Knott, Phil. Mag. (5) 48, 1899, 64-97; E. Wiechert in Erdbebenwellen I, Gétt. 
Nach. 1907, 415-549; B. Gutenberg in Sieberg’s Erdbebenkunde, 1923; J effreys, M.N.R.A.S. 
Geoph. Suppl. 1, 1926, 321-334. Knott's paper still covers the largest number of cases of 
geophysical interest. 
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greatest near the surface, and becomes inappreciable at a depth of a few 
wave-lengths. 

If the origin be in the surface, the axis of z vertically downwards, that 
of x horizontal and in the direction of propagation, and that of y per- 
pendicular to it, then in any harmonic wave propagated over the surface 
without change of type the component displacements must be the real 
parts of (U, V, W) e“'*-, where U, V, W are complex quantities which 
may be functions of z. Then substituting in 6-3 (3), which we derived with- 
out assuming that the wave was plane, we have 

— px*c?d = (A + 2p) V5 
SA 2p) (- X25) eels (1). 
oz 


The only solution of this equation that does not become infinite when z 
tends to infinity is 
Opeue eRe Se Rae (2), 


r= «(1 5) hae (3). 


Any displacement consistent with this value of 6 must satisfy 


where D is a constant, and 


2 


— px?c?(U, V, W)= (A+ p) (ux, 0, — 1) De- + p (Ga- K?) (U,V,W) ...(4), 


dz? 
since when R is of the form Pe'*‘*-¢), where P is a function of z alone, 
2 
VR = (Fe = K?) Pew) (5). 
Ou ov. ow. 
Also nae Bi + a is the real part of 


dW 
tK (%@— ct) 
(uc + Fi ) Oat te) 1S Lasniicese (6), 


which accordingly must be equal to De-” e*(@—¢), 
Particular solutions of these equations are found to be 


2 
(C¥W) == oe (es Onar\e te, Pees (7) 
aA GAD Hah he SOV Sp Seance (8). 
It is readily verified that 
OW . 

uxUy + 4 = Deo ec ccccoee (9). 

Hence the complete solution, satisfying 

ou ov Ow _ 


Shy te ae ee ES acs 
must be given by 


FE Vee) (UV Wy Ol poe esp) ow os vtec (11), 
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where (U,, Vz, W.) satisfy the equations 


VO A= (Gan K*) (Os, VW eee (12), 
and uc, + GE = Oo, Ga Shee as access (13). 
The solutions of these equations that tend to zero at an infinite depth are 
(UV oe Woh 8, bt) eater (14), 
where Q and B are unspecified constants and 
Bier nh 7)( | C7) ee en ate ee (15). 


Now the boundary conditions are that there shall be no stress across 
the free surface; and if we neglect small quantities of the second order 
in the displacements this is equivalent to the condition that there shall 
be no stress over the plane z = 0. This gives 


Ou . ow 
Oz -+ Ox =S 0) see eeeeee (16), 
Ov Ow 
oz oy SS 0 se eeeeees ewes 
Ow 
ft 0 ee (18) 
when z = 0. Substituting in these equations from (8) and (14) we have 
Uae ene oe 
2 a Dak +s)Q see eeeeee (19), 
Bi O* rl ) Saute (20), 
2B? 
(A+ 2p) (a = | Des aiatco” A aes (21). 


Eliminating D and Q, and cancelling a power of «, we are left with an 
equation to find c, namely 


(2-5) - 4(1 -5)'( = =) uemee (22). 


Rationalizing and cancelling a factor c? we have the cubic equation in c? 
6 4 2 2 2 

Be 8 ait 2a 16<,— 16 4 16 =o eee (23). 
When c?/f? is 0, the left side is — 16 (1 — B?/a®), which is always negative. 
When c?/6? is 1, the left side is 1. Thus there is always a root between 
0 and 1. Corresponding to this, real positive values of r and s exist, by 
(3) and (15). Since (23) has been obtained by rationalizing, the solution 
might be really a solution of (22) with the right side changed in sign; but 
when r and s are both positive this alternative is excluded, since both 
sides of (22) are positive. Thus there is always a possible type of surface 
waves with a velocity less than f. 
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When the solid is incompressible, a is infinite, and (23) has one real root, 


oh ea a (sep (24), 
whence O= 095048; 8 = O0-200405 P= Ken etnerse (25), 
y= Ale 0:5433er"), sin «(2 ch) | sasevpune (26), 
v— Os 

w= A (e-™ — 1-840e-") cos i (4 — Ch) sencennes (27), 

where A is a constant. The motion at the surface is given by 
= 04667 Asin «(e— Ch) cueseeaste (28), 
w= —0:840 Acosk(w—ct)  ——saneeeaee (29), 


so that the particles move in elliptic paths, the maximum vertical and 
horizontal displacements being in the ratio 1-9 : 1. 
The two other roots are complex, namely 


c2/B2 = 354364 22301, 9 saaeeees (30), 
whence = Kp Asli = (207) p?)* 
START 1G SSAGe = ee oe (31), 


so that e-* tends to infinity with depth. These roots are therefore in- 
admissible. The surface wave given by (25) to (29) is therefore the only 
one satisfying the conditions. 

When A = p, all the roots of (23) are real; they are 


c?/B? = 4, 2 (a ae aa) fat ee (32). 
The smallest of these gives 
C= 0-9194B8; 6 = 0:39338K; r= O-8475ic hecceeees (33), 
We =A e* DT 136”) SID. (Ee Ch)) saat cos (34), 
w= A (0°8475e—-" — 1-4679e-*) cos k (w@ — Ct) .....+0- (35), 


and the ratio of the axes of the elliptic orbit described by a surface particle 
is reduced to about 1-5. 

The other roots make ¢ greater than both @ and f; hence r and s are 
both purely imaginary. The solution then represents a combination of 
P and SV waves approaching the surface and being reflected. In neither 
case is the motion confined to the neighbourhood of the surface. 

The surface waves just discussed were discovered by Lord Rayieigh, 
and are usually named after him. It has been seen in the course of the 
investigation that no other type of harmonic wave is capable of con- 
tinuous propagation over the surface of a homogeneous solid; and that 
in this type the motion is partly vertical and partly horizontal in the 
direction of propagation, there being no horizontal motion across the 
direction of propagation. Both compressional and distortional movement 
is involved. 
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6-35. Consider now an origin of disturbance some distance below a 
plane free surface, emitting waves whose length is short compared with 
the depth of the origin. Then any portion of the wave front, when it 
reaches the surface, has a radius of curvature large compared with the 
wave length, and will be reflected like a plane wave. Thus the reflected 
disturbance will consist of P, SV, and SH pulses, but their relative ampli- 
tudes will vary considerably according to the direction of propagation, 
on account of the peculiarities of reflexion; a spherically symmetrical 
incident wave does not give spherically symmetrical reflected waves. 

If the wave length is comparable with the depth of the origin, the 
motion is more complicated, because the curvature of the wave front 
where it meets the surface must now be taken into account. In this case 
an SH wave is still perfectly reflected as if it came from the image of the 
origin in the free surface. No combination of the original P or SV wave 
with reflected P and SV waves, however, will give zero stress over the 
boundary when the wave-front is curved. But it is found that the con- 
ditions can all be satisfied if a system of Rayleigh waves is included. The 
analysis, which is difficult, was given by Lamb*, and has recently been 
extended by Nakanoy. Several interesting consequences follow at once. 
In the first place, when a bodily wave is spreading, the original energy 
becomes spread over a sphere or hemisphere, that is, over an area pro- 
portional to r?, where 7 is the distance from the origin. Thus the energy 
density is proportional to 1/r?, and the amplitude of the motion to 1/r. 
But in a surface wave the depth affected remains the same however far 
the wave travels, and the energy is spread over an area proportional to 7, 
and therefore the amplitude to 1/r?. Thus when r is great enough the 
surface wave may produce greater displacements than the bodily wave, 
even though it may carry only a small fraction of the energy. 

When the original disturbance is periodic with wave-length 27/«, and 
the depth of the origin is h, it is found that the amplitude of the Rayleigh 
waves produced contains a factor e~” if the original disturbance is com- 
pressional, and e~*" if it is distortional, where r and s have the meanings 
given them in 6-34. The deeper the focus, then, the smaller are the Rayleigh 
waves produced. 


6-351. Let us now consider the times of arrival of the waves at a given 
point. The point on the surface vertically above the origin is called the 
epicentre, while the origin of the disturbance itself is usually known as 
the focus. The distance of the focus below the surface is the depth of focus. 
If now we consider a point Q on the surface distant x from # the epicentre 
and r from the focus, and the original disturbance is compressional, the P 
wave will reach Q in time r (a+ 2) 


ae co ial coh ii ie 


the curvature of the earth being neglected. 
* Phil. Trans. A, 208, 1904, 1-42. t Japanese J. of Astron. and Geoph. 2, 1925, 1-94. 
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The derived SV wave reaches its maximum in time 2/8, and the Rayleigh 
wave in time z/y, where y is the velocity of the Rayleigh waves. These 
waves begin gradually, and attain their maximum displacements after 
times equal to the time it would take waves of the respective types to 
travel from the epicentre to the point of observation. 


6-352. If the original disturbance is distortional, the S waves reach Q 
in time (#2 + h2)2/8. The P wave in this case has a definite beginning. If 
reflexion takes place at a point distant € from the epicentre, the P wave 
will reach Q in time 

E24 f2 hee ee 
B ) Sassen ew wet Ns oc (2), 


See atlas) 
P(e + hyt 2 


Thus if € = # tanz, so that 2 is the angle of incidence, 


which is a minimum if 


sina 1 


eee (4), 


a 


and the shortest time of transmission is therefore determined by the con- 
dition that incidence shall be at such an angle as to make the reflected P 
wave travel along the boundary. This time is found, on substitution in 


(2), to be 
ZN CO8t SE Bgl ee 
gt Saye or ae B 1 ae SRT a (5). 


If then z is great enough for h?/x to be neglected, S waves will reach Q 
in time a/f8, and thus the P waves will appear to have started later than 


2 
the S waves by an amount a 1 — S The Rayleigh waves reach their 


2 
maximum about time 2/y, as in the case of a condensational disturbance. 

On the laws of geometrical optics a wave reflected along the boundary 
would have zero intensity, and the actual P movement arises from diffrac- 
tion. Nakano in fact finds that its amplitude, like that of the Rayleigh 
wave, contains a factor e-*". 

It appears, from our outlook on the Rayleigh wave as arising from 
imperfection of reflexion due to curvature of the wave-fronts, that it is 
to be regarded as a residual phenomenon. It may, however, be a very 
large residue. If the solid is such that A= », Nakano shows that for a 
shallow focus 0-417 of the energy sent out from a compressional disturb- 
ance, and 0-885 of that from a distortional one, goes into the Rayleigh 
wave. 

Close to the epicentre, incident transformed waves and Rayleigh waves 
do not exist. 
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6-4. The threefold character of the disturbance produced by an earth- 
quake, represented by the P, S, and Rayleigh waves predicted theoreti- 
cally, was first definitely recognized in records of actual earthquakes by 
R. D. Oldham*, who constructed the first useful tables of the times of 
transit of the various phases. In several respects, however, the actual 
movement of the ground during the passage of the waves from an earth- 
quake differs from that indicated by the simple theory. As each phase, for 
instance, passes a particle, that particle should perform a single complete 
swing; just as in the case of an explosion wave sent out from a limited 
region a compressive disturbance is the first to reach any given place, 
then a rarefaction, after which the whole returns to rest. In an earthquake 
each phase consists of many oscillations, all nearly simple harmonic. This 
is not due to an oscillatory character of the original disturbance, for if 
this consisted of a definite number of oscillations this number would be 
repeated in the disturbance at every distance from the origin, whereas 
actually the number of oscillations in each phase ordinarily increases with 
epicentral distance. Further, the periods are usually different in the 
various phases. Again, the theoretical motion in a Rayleigh wave is wholly 
in the plane containing the vertical and the direction of propagation, and 
the ratio of the vertical and horizontal displacements is about 1-5. In the 
actual motion in the third phase there is a strong horizontal component 
at right angles to the direction of propagation. The ratio of the vertical 
displacement to that in the direction of propagation is usually less than 
1-5}; the commonest ratio is 0-9 to 1-0, though values from 1-3 to 1:4 are 
fairly frequent. 

There are three familiar ways of obtaining a train of oscillatory waves 
as a result of an impulsive disturbance. The first is by the intervention of 
some mechanism with one or more discrete natural periods, as in the 
production of a sound wave in air by striking a stretched string. This can 
hardly arise in the earth’s crust: the natural periods form a continuous 
set and there is nothing to determine which shall be excited. The second 
is by reflexion of the disturbance at regular intervals. An instance is the 
high note observed in walking past a set of palings, where the successive 
boards reflect the sound of one’s step at equal intervals so as to give a 
definite note. The third is dispersion, that is, a dependence of velocity of 
propagation on frequency. The harmonic waves of varying length sent 
out by the splash of a stone into water form an example. The second and 
third causes are probably both relevant in the propagation of seismic 
waves. In a homogeneous earth P, S, and Rayleigh waves could suffer 
dispersion only owing to gravity, and the work of Lovet gives no ground 
for the belief that this is important in seismology. But also our geological 


* Phil. Trans. A, 194, 1900, 135-174. 
t+ C. Mainka, Phys. Zs. 16, 1915, 117-121. 
{ Problems of Geodynamics, 1911, Chapter XI. 
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considerations suggest the need of considering several thin layers of 
different mechanical properties near the surface; and such layers imme- 
diately offer hope of accounting for the chief differences between the 
seismological facts and the predictions of the theory of waves on a homo- 
geneous elastic solid. Further, they definitely do account for a set of facts 
not yet mentioned, namely the phenomena of near earthquakes. 


6-5. It was found} by A. Mohoroviti¢é, while examining the records of 
the earthquake of 1909 October 8, in the Kulpa Valley, Croatia, that two 
distinct compressional and two distortional pulses were present. One pair 
of these were found to behave, at distances of the order of 1000 km. or 
more, like the P and S known to previous investigators. The other pair 
travelled more slowly, but appeared to have started earlier. They were 
denoted by P and S, but for ease of printing I use instead the notation 
P, and S,. At stations near the epicentre only P, and S, were observed. 
At greater distances P and S arrived before them, so that four distinct 
pulses could be traced. At still greater distances P, and S, could no longer 
be recognized, but P and S could. P, and S, were much larger movements 
than P and S at stations where all were observable. The interpretation 
placed on these facts by A. Mohorovitié was that the focus of the earth- 
quake was in an upper layer of the crust, and that P, and S, were waves 
that had travelled in this layer directly from the focus to the observing 
stations, while P and S had been refracted down into a layer where the 
velocities of propagation were greater, and afterwards refracted up again. 
Similar waves were detected in the records of the two Stuttgart earth- 
quakes of 1911 November 16 and 1913 July 20, by S. Mohorovitiét and 
B. Gutenberg§. P, and 8,, but not P and S, were found in the records of 
the Oppau explosion of 1921 September 21, by Wrinch and Jeftfreys]|, 
Hecker], and others. V. Conrad, in discussing the earthquake of 1923 
November 28, in the Tauern region of Austria, found the same four waves, 
and in addition a fifth, which he called P*, with a velocity of transmission 
between those of P and P,t{. He suggested that this might be a compres- 
sional wave transmitted in an intermediate layer, probably identical with 
one less definitely observed by Gutenberg in his earlier work. This earth- 
quake and the earlier ones have been rediscussed by the present writer{tf. 
In a later paper the existence of the wave P* was confirmed by finding it 


+ Jahrb. d. Meteor. Obs. Agram (Zagreb), 1909. 

I Beitrége z. Geoph. 18, 1914, 217-240; 14, 1916, 187-198. 

§ Veréff. d. Zentr. Bur. d. Int. Seism. Assn., 1915. This is the most comprehensive 
account of particular near earthquakes yet published. 

|| Observatory, April 1922, 109; M.N.R.A.S. Geoph. Suppl. 1, 1923, 15-22 (communica- 
ted September 1922). 

4] Verdff. d. Hauptstation f. Hrdbebenforschung, Jena, 1922. 

TT Mitteilungen d. Erdbeben-Kommission, Wien, 1925, No. 59. 

tt W.N.R.A.S. Geoph. Suppl. 1, 1926, 385-402. 
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in the records of the Jersey and Hereford earthquakes of 1926 July 30 and 
1926 August 14+. The corresponding distortional wave S* was also identified. 

So long as the epicentral distance does not exceed about 800 km. all 
these six pulses seem to travel with uniform velocity; that is, the times 
of arrival are linear functions of the epicentral distance, apart from small 
irregular residuals attributable to errors of observation. The velocities 
found in the writer’s discussions were as follows, in kilometres per second. 


Earthquake ey Ee te S, S* S 
Kulpatal 5:6 + 0-15 a 7440-3 —— - — 
Stuttgart, 1911 5-6 — 7:8 — 3-75 (?) 4-2 to 4:3. 
Oppau 5-4 + 0-05 — — 3°15 + 0:05 — — 
Tauern 5640-06 6240-05 7:7+40-07 3-3 (?) — — 
Jersey 5-4+40:05 6340-06 78401 3:3 +002 3-74+0-02 4:35 + 0-03 
Hereford 5-4 + 0-04 — — 3:3 +0-04 — 4-35 + 0-04 


The uncertainties given are mean square errors. As a specimen of the 
accuracy of fit, we may take the Jersey earthquake. Readings and com- 
putations were carried out to the nearest second, so that residuals of + 1s. 
are not significant. For every wave except S, the majority of the residuals 
were in this range. For S,, with times ranging over 204 s., two residuals 
out of 14 reached + 3s. The distances of the observing stations used ranged 
up to 942 km. (Hamburg). Wien, at 1300 km., obtained a record, but 
accurate readings could not be made on account of the smallness of the 
movement. For the Hereford earthquake and the Oppau explosion the fit 
is as good, and for the Tauern one even better, but it is tested over a 
smaller range of distance. The others are less good. 

Considering the diversity of the crustal material as revealed by geology, 
it is remarkable that the propagation of waves in the surface layers should 
be so uniform. There are signs, indeed, of a difference between western 
and central Europe in the velocity of P,, the three disturbances with the 
most westerly origins having given a velocity of 5-4 km./sec., while the 
others have given 5-6km./sec. Since the results are concordant the 
difference may be genuine; if each of these velocities had been given by 
only one disturbance it would have remained probable that the velocity 
was uniform and near 5-5 km./sec., in view of the uncertainties of about 
0-05 km./sec. in each velocity, but this seems less likely when the results 
support one another. 


6-51. In reducing the observed times of arrival we find the formula 
of the form a + a/v that fits the observations of the same pulse at all the 
stations best. Here x is the distance from the epicentre, and a and v are 
constants for each pulse: v is the velocity, and a may be called the apparent 
time of starting. It is found that both v and a are different for the different 
pulses. This would be expected if the pulses have travelled in different 


+ WU.N.R.A.S. Geoph. Suppl. 1, 1927, 483-494. 
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Records of Jersey Earthquake at Uccle. The amplitudes of P, P*, and Py are greater on the H.W. 

component than the N.S. one, but this relation is reversed for the S movements. This indicates that the 

former waves are longitudinal, and the latter mainly of type SH. P is most easily read on the vertical com- 
ponent, probably owing to its rather steep emergence. 
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layers, for delays would arise owing to the time spent in travelling up or 
down from one layer to another. The time of transit from the focus to 
the observing station is in any case 


t= {2 see (1), 


taken along the actual path, where c has of course the value at each point 
appropriate to the type of the wave there. But if we take horizontal and 
vertical coordinates x and z, and introduce 7, the angle of incidence on 
the horizontal surface through a point of the path, we have 


cosec 4 


dx =sinids; dz=cosids; T = Ce gerne ces (2). 


On the other hand if c’ is the velocity at the lowest point of the path, the 
time calculated on the hypothesis that the wave travels the whole distance x 
with velocity c’ is 


T= = =| de avait (3). 


But by the laws of refraction, since 7 is 90° at the lowest point, 
Sule S 6) dyed «ONG vey kee: (4), 


whence, by subtracting (3) from (2) and substituting for c, we have 
29 , Pax 3 
PT [OOP dy = [OEE [1 ala 2 (6). 


Cc JING, 


The horizontal part of the path contributes nothing to this integral. As 
the ray goes down and up again, we have 
rom — | =(1 cr) de [-20-5) « pie waiowte (6), 
h © C p G C 

where fh is the depth of the focus and H that of the lowest point of the 
ray. If h is equal to H, the first of these integrals vanishes; if h is 0, they 
are equal, and 7’ — 7” is double the second. When the velocities are known 
T — T’ gives a means of determining the thicknesses of the layers. 

We notice first that the influence of the curvature of the earth is un- 
important in the study of near earthquakes. We are not concerned with 
epicentral distances over 800 km. or so, and an arc of 800 km. subtends 
at the centre of the earth an angle whose circular measure is 0-13. The 
arc differs from the chord by just over 1 km., so that the times of trans- 
mission of S,, the slowest pulse, along the are and the chord, would differ 
by only a third of a second. As the effect is proportional to the cube of 
the distance it is clear that it is within the limits of the residuals. 

In the linear formula for the time of arrival of a wave, v is the same 
asc’, the velocity on the horizontal part of the path, and z/v is therefore 7”. 
T — T’ is the difference between the apparent and true times of starting, 
and may be called the ‘delay in starting.’ The true time of starting is 
7 


JE 
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the time of the original fracture, and is equal to the constant a in the 
formula appropriate to S,. The delays in starting for the Jersey earth- 
quake were found to be as follows: 


Sys OS Py 8 6.5 SO see we Ss es noes 


For the Hereford one the delays of P, and S in comparison with S, were 
respectively 2s. and 9s.; the others were not well determined. In the 
Stuttgart one of 1911 the delay of P in comparison with P, was 6 s. In 
the Kulpatal one, when the straightforward least square solution was 
adopted, this delay was found to be only 3-6 s. But the velocity found 
for P was lower and less definitely determined than the other earthquakes 
indicate; if we adopt instead the value 7-7 km./sec. the delay is found to 
be 7s. In the Tauern earthquake the delays of P* and P with reference 
to P, were 2:0 s. and 6-9 s. 

In the Jersey and Hereford earthquakes P, seems to have started 
2 or 3 seconds after S,. This is a curious result, but seems to be genuine. 
To explain it as error of observation we should have to assume that P, 
was read systematically late, or S, systematically early, by two or three 
seconds on every record, which appears impossible. The foci were in any 
case in the upper igneous layer, and there might be delays when the pulses 
passed through the overlying sedimentary layer. But a compressional 
wave would certainly travel faster in this layer than a distortional one, 
so that S, would appear to be delayed with reference to P,, whereas the 
contrary is observed. The most probable explanation seems to be as follows. 
The original disturbance would certainly be a fracture, and fractures occur 
as a means of relieving distortional stress. It is therefore probable that 
the fundamental wave sent out from an earthquake is usually mainly or 
wholly distortional. But if so, this wave is S,, and P, must be derived 
from it by reflexion at the outer surface or the base of the sedimentary 
layer. Then P, will show a delay in starting, according to 6-352 (5), 


h : 
amounting to A — Ey where a and § are now the velocities of P, 
a 


and S,. If his in kilometres this delay is h/3-9 seconds. The delays found 
would therefore imply that the depths of foci of the Jersey and Hereford 
earthquakes were about 12 km. and 8 km. respectively. 

A similar phenomenon has since been noticed in the Montana earth- 
quake of 1925 June 28f. 

If the origin is in the upper layer the waves P* and P must be derived 
from P,; and if the latter is itself derived wholly from S,, the delay of P, 
arising from the depth of focus will affect P* and P equally. The delay 
of P* with reference to P represents in fact two passages (one up and one 
down) through the upper layer, and that of P with reference to P* two 
through the intermediate layer. We can with sufficient accuracy treat 


t M.N.R.A.S. Geoph. Suppl. 1, 1928, 504. 
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Fig. 5. Times of transit of pulses from the Jersey and Hereford earthquakes, 
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both layers as homogeneous. Applying (6), we have, for the delay of P* 
relative to P,, +s. for each kilometre of depth of the upper layer. Hence 
a delay of 2-0s. implies that this layer is 10 km. thick. The delay of P 
relative to P* is a s. for each kilometre of depth of the intermediate 
layer. Our estimates of 4s. from the Jersey earthquake and 4-9 s. from the 
Tauern one therefore imply thicknesses of 22 km. and 26 km. respectively. 
The results from the Stuttgart and Kulpatal earthquakes are consistent 
with these. 

The waves S* and S are derived from S, directly. Their delays in 
starting can therefore be calculated from the velocities, the thicknesses 
of the layers, and the depth of focus. In this case the vertical distance 


Fig. 6. Diagram of the probable paths of the six pulses observed in near earthquakes. 
Broken lines indicate waves propagated along or near to boundaries. The horizontal 
scale is, of course, much smaller than the vertical; the angles are approximately correct. 
aa, Sedimentary layer; bb, granitic layer; cc, intermediate layer (basalt or diorite); 
dd, lower layer (dunite, peridotite, or eclogite). The compressional waves may actually 
be generated at the upper surface, and not at the bottom of the sedimentary layer, as 
shown in the diagram. The transitions also may be gradual and not sudden. 


traversed is twice the depth of the lowest point reached, less by the depth 
of focus. When these delays were calculated for the Jersey and Hereford 
earthquakes the results were as follows, in seconds: 


Jersey Hereford 
Se 
S* S S 
Calculated 13 71-8 g * 
Observed. 4 8 9 


The agreement is as good as could be expected, since S* is the most 
difficult of the six waves to observe accurately. 


6-52. Constitution of the Crustal Layers. The velocities of elastic waves 
in the upper layers of the crust give some information about the elastic 
properties of the materials. If this information is compared with experi- 
mental determinations of the properties of the rocks known from geology 
to be probable, we can proceed a long way towards identifying the main 
constituents of the crust. The velocities, however, are difficult to measure 


t Consistent results for Californian earthquakes have been obtained by P. Byerly, 
Bull. Seism. Soc. Amer. 17, 137-146, 203-206, 213-217. 


Compressibilities of Rocks 101 


accurately in the laboratory, and the most accessible elastic property is 
the compressibility; that is, the fractional change of volume per unit 
increase of hydrostatic pressure. In terms of the constants A and p, the 
bulk modulus & is A+ %y, and the compressibility is 1/k. From our 
formulae for the velocities, 6-3 (5) and (8), we have 


R= ple?—4B) ha ceveee (1). 
Now our seismological results give « and f, and the corresponding values 
of a? — 4? are, in c.g.s. units, as follows: 


a(x 10-*) f(x 10-*) a? — $f? ( x 10-™) 
Wacee 54 3°3 14-7 
yesrenn 5-6 3-3 16-9 
Intermediate layer 6-3 3-7 21-4 
Lower layer 78 4-35 35-6 


The compressibilities of rocks have been investigated experimentally 
by several workers, especially L. H. Adams, E. D. Williamson, and R. E. 
Gibson of the Geophysical Laboratory at Washington. For mixed rocks 
the most reliable way of finding them at high pressures is to determine 
the compressibilities of the component minerals separately and form an 
average weighted according to the known composition by volume. In the 
work the changes of volume of the specimens under pressure were com- 
pared with those of a standard cylinder of soft steel, and the known 
compressibility of this was used to infer those of the rocks. In the work 
of Adams and Williamson* a representative series of rocks was tested. 
The compressibility of the standard piece of steel, however, was given too 
high a value, and all their compressibilities need to be reduced by 
0-02 x 10-1? per c.g.s. unit of pressure in consequence. This has been done 
in the table on p. 102. In a later papert Adams and Gibson determined 
the values for dunite and tachylyte. In the table, where two rows of results 
are given for a rock, the upper row corresponds to a pressure of 2 x 10% c.g.s. 
and the lower to one of 10% c.g.s., corresponding to depths of 7 km. and 
33 km. respectively in the crust, together with average densities. Where 
only one compressibility is given, it is a mean over the range between 
2 x 10% and 10" c.g.s. The pyroxenite considered was half augite and half 
hypersthene, the pallasite half olivine and half metallic iron, and the 
siderite all metallic iron. 

The bulk-moduli given are considerably higher than those found by 
previous workers, who used lower pressures. Thus F. D. Adams and E. G. 
Cokert got for several granites values of 1/k of 3-0 to 3-6 x 10-1?, for 
New Glasgow gabbro (two specimens) 1-18 and 2-13 x 10-1, and for a 
syenite 2-33 x 10-12. It appears that when the pressure is increased from 
one atmosphere the compressibility is great at first, but falls off before 

* J. Frank. Inst. 195, 1923, 475-529. 


+ Proc. Nut. Acad. Sa. 12, 1926, 275-283. 
£ Amer. J. Sci. (4) 22, 1906, 95-123. 
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the pressure has reached 2 x 10° c.g.s. and varies much more gradually 
at higher pressures. In seismology we are concerned mainly with the 
higher pressures, and it appears that those employed at the Geophysical 
Laboratory cover the range of conditions concerned in the study of near 
earthquakes. On the other hand the experimental work has, for obvious 
reasons, been done at ordinary temperatures. We shall expect the elastic 
constants within the earth therefore to be somewhat lower than the ex- 
perimental values on account of the higher temperatures involved. 


Rock Density 1/(k x 10-22) kx 10-2 kip x 10-10 
; 2-61 2-10 0-476 18-3 
Granite 2-66 1:86 0-538 19-5 
AoE 2-69 1-81 0-552 20-5 
Granodiorite 2-73 1-64 0-610 22-3 
: 2-61 1-85 0-540 20-7 
Syenite 2-66 1:66 0-602 22-7 
nae 2°74 1-60 0-625 22-8 
Diorite { 2-78 1-47 0-680 24-3 
3:05 1-18 0-847 27-8 
pee { 3-08 1-15 0-870 28-2 
: 3-40 1-01 0-990 29-0 
Pyroxenite 3-44 
: 0-95 1-05 30-7 
Peridotite { ae 3-44. 
; 3-29 0-84 1-19 35-2 
Danie 3-32 0-79 1-27 38:3 
. 0-75 1:33 23-5 
Pallasite {° ee 5-69 
Siderite 7:9 0-58 1:72 25-0 
Obsidian 2-333 2-86 * 0-350 15-1 
Tachylyte 2-851 1-45* 0-690 24-2 


Now comparing a? — 46? in the table on p. 101 with k/p in this 
table, we see that the value for the upper layer of seismology is 
below that for granite, and near that for obsidian at high pressures. 
The granitic layer definitely exists, and the bulk modulus in it must 
be below the laboratory value at the same pressure, on account of 
the higher temperature. This consideration seems to rule out obsidian 
and to indicate the extent of the effect of temperature within the granitic 
layer. Again, the only rock that is known to give the requisite value for 
k/p in the lower layer is dunite. If then we identify the lowest layer with 
dunite, the basaltic layer must be the intermediate one. But remembering 
that basalt, gabbro and tachylyte are chemically the same, and that mere 
fineness of texture would not affect the elastic properties, we notice that 
tachylyte fits the facts much better than gabbro; in fact we may say that 


* Bridgman (Amer. J. Sci. 10, 1925, 359-367) gives about 2-5 (variable) for obsidian, 
1-87 for tachylyte from Torvaig, Skye, and 1-33 for tachylyte from Kilauea. 
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the seismological evidence is inconsistent with the presence of any wide- 
spread layer of crystalline basaltic matter in the crust*. 

There are, however, doubts about this interpretation. Some basalt near 
the surface has been metamorphosed by stress into eclogite, and conse- 
quently it has come to be widely believed that the basalt at any con- 
siderable depth in the crust is in the form of eclogite. The elastic properties 
of this rock are not known, but if it has a value of k/p agreeing with that 
of the lower layer, as seems not unlikely, the intermediate layer could be 
interpreted as diorite. This alternative was advanced by Holmes}. On the 
other hand Bridgman finds some abnormalities in the compressibility of 
tachylyte, which lead Dalyt to consider seriously the possibility that the 
velocities in the lower layer may fit tachylyte after all. But this seems to 
me to stretch the data too far. These ideas raise questions to be settled 
by further experimental work. At the same time the possibility that the 
lower layer is actually dunite in a vitreous state is not excluded. If the 
upper layer is granite and the intermediate one tachylyte, rocks of dioritic 
composition must be considered as derived from a transition zone between 
these two layers. 


6-53. A different method of discussing observations of near earthquakes 
has been given by Prof. S. Mohorovitié in two papers already mentioned. 
It is obvious that for a focus at a depth hf the time of transmission of P, to 
a station with epicentral distance x would be (x? + h2)?/a, where a is the 
velocity of P,. When z/h is great this approximates to x/a and gives a 
linear relation. But at epicentral distances comparable with h the time 
of transit will exceed x/h; if the time is plotted vertically and the distance 
horizontally, the resulting curve will be concave upwards for short epi- 
central distances. On the other hand, when the epicentral distance is great 
the linear relation will not be exact for two other reasons. Even in a 
homogeneous crust the time of transmission will increase rather less rapidly 
. than the epicentral distance measured as an arc, since the wave will travel 
along the chord. This will be accentuated in a layer where the velocity of 
propagation increases with depth, because the wave economizes time 
further by travelling at a greater depth than the chord. Consequently 
the graph of the time of transmission against « should be concave upwards 
for small values of x, and concave downwards for large values. Prof. 
Mohoroviéié shows that in a non-uniform crust the point of inflexion 
corresponds tc the ray that leaves the focus horizontally. If the curve 
was accurately known, then, it would be possible to use its departures 
from linearity to find both the depth of focus and the variation of velocity 
with depth. This has been attempted by Prof. Mohorovitié, who claims 
to have obtained definite results; they are inconsistent with those obtained 


* Jeffreys, Nature, 118, 1926, 445. + Nature, 118, 1926, 586. 
t Amer. J. Sci. 15, 1928, 108-135. 
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in my discussions and with those of several other lines of investigation of 
the structure of the crust. I consider them to arise from inadequacy of 
the observational material. : 

We have seen that it is the exception and not the rule for an observa- 
tion of the time of P, to depart from the simple formula a + a/v by more 
than a second. Estimates of the velocity depend on the accuracy of this 
formula; estimates of the depth of focus and the variation of velocity 
with depth depend on its being inaccurate. Departures from linearity are 
in any case small. The question at issue is whether the data are capable 
of determining them. This is a matter of the theory of combination of 
observations. Prof. Mohoroviéié’s curve for the times of transmission of 
P, from a superficial origin up to a distance of 700 km. nowhere deviates 
from a straight line by more than 0-23 s. Of the three disturbances he 
specially considers in a reply to my discussion*, namely the two Stuttgart 
ones and the Oppau explosion, the curves obtained by simply smoothing 
the data would deviate in the middle from a straight line by, respectively, 
+ 6, — 5, and + 6 times as much as his curve does}; but a statistical 
discussion shows that the smoothed curves themselves are uncertain by 
amounts comparable with their departures from the straight line. All we 
can say is that the linear laws for waves from a superficial origin are 
correct within about a second, and that we have no means of determining 
whether there is any significant systematic departure from them. 

The question of depth of focus arises from the fact that in three cases, 
the Kulpatal earthquake and the two Stuttgart ones, the time of P, at 
the station nearest to the epicentre differed from the formula by + 3 to 
+ 5 seconds. In the absence of other evidence it would be natural to 
attribute these residuals to depth of focus. But other evidence, even in 
the records of the same earthquakes, turns out to be inconsistent with the 
estimates of depth of focus that they lead to. Let us consider in particular 
the two Stuttgart disturbances. The times of P, are given in Gutenberg’s 
memoir, mostly to the nearest second. In the columns O— C of the table on 
p. 105 those for the nearer stations have been compared with times calcu- 
lated on the hypothesis of a superficial focus, the times of the original 
shocks being taken respectively as 25 m. 50s. and 6 m. 20s. respectively, 
hours being omitted. 

The times of transmission in seconds have been taken as A/5-6, where 
A is the epicentral distance in kilometres. The ordinary residuals in such 
discussions being about + 1 s., there is no occasion for comment in any of 
the observations except those at Hohenheim. But if we accept the two 
observations at Hohenheim we must say that the distances of the foci 
from this station exceeded the epicentral distance by 4-9 and 3-9 seconds’ 
journey respectively, that is, by 27-5 and 22 km. The focal depths needed 


* Gerlands Beitr. z. Geoph. 17, 1927, 180-231. 
+ Ibid. 417-427. 
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to account for these would be 57 km, and 50 km. respectively. But these 
would affect the times of arrival at other stations. The last two columns 
of the table give, for comparison, the delays introduced by depth of focus 
at all the other stations as far as Miinchen, from the formula 


R = {(A2 + h?)* — A}/5-6, 


the column fk, corresponding to = 50km. and R, to h= 35km. If 
either of these focal depths were correct for either earthquake the corre- 
sponding column #, or R, should agree closely with the column O—C for 
that earthquake. Actually we see that, whereas without allowance for 
focal depth only one residual for each earthquake exceeds 2 s., the column 
R, now gives residuals of 2 s. and over at Biberach, Ziirich (7), Nordlingen, 


Station A (km.) O-C (I) O-C (II) R, R, 
Hohenheim 45 +49 + 3-9 3°9 21 
Biberach 56 —1-0 +1-0 3°4 1:8 
Durlach 89 — — 0-9 2°3 1:3 
Karlsruhe 94. + 1-2 + 1-2 2-2 1-1 
Freiburg 100 = + 0-1 2-1 1-1 
Strassburg 104 + 1-0 + 0-4 2:0 1-1 
Ziirich 113 — 0-2 to + 0:8 — 0-2 2-0 0-9 
Nordlingen 119 —1-2 — 0-2 1-8 0-9 
Heidelberg 123 — 1-0 + 2-0 1-8 0-9 
Jugenheim 164 ales — 13 1-4 0-7 
Miinchen 185 — 0:3 + 1:0 1:3 0-6 


Heidelberg and Jugenheim for the first earthquake, and Biberach, Durlach, 
Freiburg, Ziirich, Nérdlingen, and Jugenheim for the second. The column 
R, gives residuals of 2s. and over at Hohenheim, Biberach, Nérdlingen, and 
Jugenheim for the first earthquake, and Durlach and Jugenheim for the 
second. Further, while the residuals on the hypothesis of zero depth of 
focus are unsystematic, the allowance for depth of focus makes them nearly 
all negative. The only conspicuous exception is Hohenheim, which retains 
residuals + 1-0 s. and 0-0 s. on the hypothesis that the depth was 50 km., 
and + 2-88. and + 1-8s. for depth 35km. The former pair would be 
satisfactory if the previous agreement at several other stations was not 
spoiled at the same time; the latter show that depth 35 km. does not 
even fit satisfactorily the observations at Hohenheim, which were the 
only reason for assuming considerable focal depth in the first instance. 

Further evidence is provided by the arrival of S, at Hohenheim and 
Biberach. The interval between P, and S, was about 6s. at both stations 
for both earthquakes. The differences between the times taken by these 
waves to travel 45 km. and 56 km. respectively would be 6s. and 7-5s. 
There is no indication here that the focal depth was more than a few 
kilometres. 

Again, 6-51 (6), applied to the delay of P* with reference to P, in the 
Tauern and Jersey earthquakes, was found to lead to an estimate of about 
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10 km. for the thickness of the granitic layer. If we follow Mohorovitié 
and Gutenberg and suppose P, to come direct from the focus instead of 
being generated by reflexion of S,, and if further we take the depth of 
focus equal to the thickness of the layer, the estimate of the thickness 
can be doubled, but no more. The delay of P* is inconsistent with any 
thickness of the granitic layer over 20km.; and the focus cannot be 
35 km. deep in a layer that at the most is only 20 km. thick. 

Finally, the view that P, is derived from S, and is not a primitive 
wave is demanded by the observations of the Jersey earthquake at 14 
stations, and of the Hereford one at 10, and the evidence of these earth- 
quakes requires the thickness of the upper layer to be about 10 km. 

S. Mohoroviéié in his early discussion estimated the depth of focus at 
about 35 km. without considering whether the Hohenheim residuals could 
have been produced by some cause other than depth of focus, as the above 
independent lines of evidence all indicate. Gutenberg, in his memoir, says 
(pp. 64, 65): “Thus it is seen that on the ground of the time-observations 
of the first earthquake no conclusion concerning the depth of focus is 
possible”’; ““The departures of the calculated curves (involving focal depths 
from 4 km. to 45 km.) from one another lie within the errors of observa- 
tion, and a determination of the most probable depth of focus is im- 
possible.”” Finally he says (p. 66): “It is impossible to decide on a depth 
of focus from time-observations, so long as there are no observations in 
the immediate neighbourhood of the focus trustworthy to 0-1 or 0-28.” 
Gutenberg, however, has abandoned these perfectly sound views without 
answering his own arguments, and has recently accepted} a depth of about 
35 km. with the remark: “That H. Jeffreys has found an appreciably 
smaller value for these earthquakes arises from the fact that he uses only 
the first earthquake and attaches special weight to the arrival at Biberach, 
which is uncertain by at least 3s.’ It has been shown above that the 
observation at Biberach was only one out of eight that had negative 
residuals when the depth of focus was chosen to fit Hohenheim; I 
myself actually called attention to its uncertainty when it had not been 
mentioned by Mohorovitié. The second earthquake is discussed above. 
Whether the residuals of + 1:8s., — 0-8s., and — 2-28. at the nearest 
stations, given by a depth of focus of 35 km., are appreciably more satis- 
factory than my + 3-9s.,+ 1-:0s., and — 0-9s. is perhaps a matter for 
opinion. Gutenberg does not discuss any of the other evidence. It may 
be mentioned that the uncertainty that affects the time at both Hohenheim 
and Biberach does not extend to the intervals between P, and S,, and that 
these speak definitely for a small focal depth. 

The above arguments for a considerable focal depth have been dis- 
cussed at length because they form an essential part of the reasons ad- 
vanced by Mohorovitié and now by Gutenberg for adopting a thickness 


T Gerlands Beitr. 18, 1927, 379-382. 
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of about 57 km. for the upper layer or the two upper layers. The need 
for a much smaller thickness is fundamental in so many of the problems 
treated in this book that a full analysis of any arguments opposed to it 
has been considered necessary. 


6-54. The amplitude of an elastic wave spreading out symmetrically 
from a focus should be inversely proportional to the distance. The observed 
amplitudes of P, and S, are more nearly inversely proportional to the 
epicentral distance A than to any simple power of it. This is very good 
so far as it goes. For waves of type SH it is almost the whole story; for 
when these waves are reflected at a free surface the reflected waves make 
the same contribution to the motion of the surface as the incident ones, 
and the amplitude remains proportional to 1/A. But the proportionality 
also seems to hold for P, and S,, and for both of these the motion of the 
ground, for a given amplitude and small angle of emergencef, is propor- 
tional to the angle of emergence and therefore to 1/A. Thus the motion 
of the ground should be proportional to 1/A? instead of to 1/A. I think 
the amplitude in the bodily P, and S, waves must really be nearly pro- 
portional to 1/A, as the work of Lamb and Nakano implies, but that these 
waves are brought up to the surface at moderate angles of emergence by 
refraction at the possibly irregular base of the sedimentary layer. If so, 
the angle of emergence at the outer surface will on the average be nearly 
independent of A, and the amplitudes will be proportional to 1/A, as the 
observations seem to require. 

For the indirect waves the question is still more complicated. Where 
all the six waves are shown on the record, the order in time is ordinarily 
also the order of increasing size, namely P, P*, P,, S, S*, S,, though 
exceptions occur. But each phase initiates a series of oscillations, and the 
timing of the next phase involves distinguishing the new pulse from the 
wave motion still surviving from the previous phases. So long as each 
successive impulse is larger than the previous ones, and has a sharp be- 
ginning, this is not very difficult. If these conditions do not hold, however, 
reading may be difficult; these troubles are particularly common with S*, 
which often seems to grow quite continuously out of S. Ordinarily P is 
about 7, as large as P,, and like it its amplitude varies irregularly, but 
on the whole like 1/A. This is difficult to explain. The variation of amplitude 
with A can be calculated on the assumption that the laws of geometrical 
optics hold; it is found that while at epicentral distances greater than 
about 3000 km. the calculated and observed amplitudes are reasonably 
consistent, the correspondence breaks down completely at short distances. 
The calculated amplitude is directly proportional to A at these distances: 
this arises mainly from the fact that the wave is refracted into the lower 


+ The angle of emergence is the complement of the angle of incidence. 
{ U.N.R.A.S. Geoph. Suppl. 1, 398-401. 
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layer at nearly grazing incidence and therefore transmission is small. Even 
if the reduction of transmission is not allowed for agreement is still not 
obtained. To account for the actual comparatively large size of P it is 
necessary that the laws of geometrical optics shall cease to hold at short 
epicentral distances ; the indirect waves are then to be considered as diffracted 
around the boundaries. This hypothesis, when examined theoretically, gives 
a considerable improvement}, but the amplitude of P now varies as 1/A# 
instead of 1/A. The explanation of the variation awaits further investigation. 

Another peculiarity probably related to the behaviour of the ampli- 
tudes is that P and P* do not appear as near the epicentre as we should 
expect. On account of the larger size of P, and S, these swamp the 
indirect waves wherever the distance A is short enough for P, and 8, to 
arrive first. But when we adopt the empirical formulae that fit the times 
of P,, P*, and P at the distances where they are observed, we find that 
P* should arrive before P, at distances over 80 km., P before P, for 
A> 100 km., and P before P* for A> 130 km. Actually the less direct 
waves are not observed at distances anywhere near these lower limits: 
they first appear at such distances that they already precede the more 
direct ones by several seconds. Thus in the Jersey earthquake P was not 
identifiable before P* at Paris, distant 297 km., though in the Tauern one 
it was detectable at Innsbruck, distant 169 km., and in the first Stuttgart 
one at Jugenheim, distant 164 km., but not at Heidelberg, distant 123 km. 
It looks as if the diffraction that is needed to account for the large ampli- 
tudes of P where it appears does not work at these comparatively short 
distances. 

The waves P, and S, are not observable at great epicentral distances. 
The greatest distance where the former has been detected was at Ravens- 
burg, which got it from the Jersey earthquake at A = 841 km. It seems 
to be gradually damped out as it advances, while S, is apparently con- 
verted into surface waves. 


6-55. A complete determination of the energy of an earthquake would 
be difficult, but a rough estimate can be made fairly easily. We notice 
first that a moderate fraction of the original energy would be in the form 
of SH waves; it is usually found that in the distortional phases the hori- 
zontal motion is mainly across the direction of propagation. The observed 
velocity of the ground gives the kinetic energy per unit volume; on an 
average the potential energy is the same. The length of the part of the 
wave train carrying most of the energy, namely the large waves following 
close on S,, is the product of the velocity of the waves composing it and 
the time they take to pass over a given place, and the energy per unit 
volume may be taken to be the same throughout the granitic layer. Finally 
we multiply by 27A to get the volume of the region occupied by the wave train 


t Proc. Camb. Phil. Soc. 28, 1926, 472481. 
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when its middle was passing the station. Multiplying this by the total energy 
per unit volume we have the energy of the main part of the waves. The whole 
energy of the earthquake is unlikely to be more than about twice this. 
In this way it is found that the energy of the Hereford earthquake was 
about 5 x 10% ergs; the Oppau explosion was comparable with this; the 
Jersey earthquake about 10 ergs; the Montana one about 10” ergs. The 
Pamir earthquake of 1911 February 18 was found, mainly from 4 con- 
sideration of the Rayleigh waves sent out, to have had an energy of about 
10# ergs*. These estimates may be compared with the greatest distances 
where the respective disturbances were fully observed with ordinary instru- 
ments, with magnifications up to 250. The Oppau explosion was thus 
observed at 365 km., the Hereford earthquake at 522 kin., the Jersey one 
at 942 km., and the Montana and Pamir ones at distances over 11,000 km. 

With regard to the Oppau explosion, it may be mentioned that 
it was produced by the explosion of 4500 tons of the double salt 
2NH,NO, . (NH,),SO,. Assuming that the heat of decomposition of 
ammonium nitrate is 7500 calories per gram moleculet, the energy liber- 
ated must have been about 1-5 x 10%? calories or 6 x 10% ergs. Only 4 small 
fraction of this went into the seismic waves. The impulses upward on the air 
and downward on the ground must, by Newton’s third law, have been equal. 
Hence the energies imparted to the earth and the air must have been in 
the ratio of the initial vertical velocities, which must have been hundreds 
or thousands of times greater for the air than for the ground. Thus only 
a small fraction of the energy of the explosion could have entered the 
earth; the rest went into the sound wave in the air. 


6-6. The differences between the surface waves found on the theory 
of disturbance within 4 homogeneous solid, and the surface waves observed 
in actual earthquakes, have already been mentioned (6-4). They largely 
disappear when the effects of heterogeneity of the crust are considered. 
Love showed that when a layer of finite thickness rests on a deep solid 
layer, surface waves could exist such that the displacement is everywhere 
horizontal and at right angles to the direction of propagation. It was 
necessary that the velocity of distortional waves in the lower layer should 
exceed that in the upper; this condition is satisfied by the velocities found 
in the investigation of near earthquakes. Subject to this condition these 
transverse waves can proceed any distance without loss of energy, and 
therefore provide a natural explanation of the displacements at right 
angles to the plane of propagation observed in the surface waves of 
earthquakes. 

Love also found that in a heterogeneous crust both these waves and 
Rayleigh waves are subject to dispersion. For Rayleigh waves this is 


* Jeftreys, M.N.B.A.S. Geoph. Suppl. 1, 1923, 22-31. 
+ I am indebted to Dr E. K. Rideal for this information. 
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obvious. For the amplitude of the motion of these waves dies down with 
depth in a distance proportional to the wave length. Consequently in a 
crust of two homogeneous layers the movement in very short waves is 
practically confined to the upper layer, and the velocity is therefore that 
characteristic of simple Rayleigh waves in the upper layer; while very 
long waves extend so deeply into the lower layer that the upper layer 
hardly affects them, and therefore have the velocity that Rayleigh waves 
on the lower layer would have if the upper layer were absent. Since dis- 
persion ordinarily converts an impulse into a train of approximately 
harmonic waves the oscillatory character of the third phase is qualita- 
tively explained. 


6-61. Love Waves. Suppose the lower boundary of the surface layer 
to be the plane z = 0, and the upper to be the plane z = — 7’. The wave 
is being propagated parallel to the axis of x. Let u and p be the rigidity 
and density of the upper layer, and let y’ and p’ refer to the lower layer. 
Then in both layers uw and w are zero, while v is proportional to the real 
part of Ve*-, where V may be complex, but is a function of z alone. 
In both layers 5 is zero, and the only equation of motion that is not satisfied 
identically is 

Oz? 
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for the upper layer, and 
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for the lower layer. Putting, as before, u/p = B?, u’/p’ = B’?, we have in 
the lower layer 


Vi Cee i 2 ee eee (3), 
; ae c 
where C is a constant and a 1 — Fis wo hues Sea (4). 
In the upper layer V =A cos $2 Bb singe 0 encase (5), 
where A and B are constants and 
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The boundary conditions are that the displacement and the tangential 
stress are continuous across the lower boundary, and that there is no 
stress across the free surface. These give 
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Love Waves Ll 
Hence by elimination of A, B, C we have 


URRSd seh (ap et te earn ce (10). 


Finally, by substituting for s and s‘ from (4) and (6), we have the following 
equation for the wave-velocity: 


tan IKI (Fs a 1) = ie (aeey taps (11). 


The condition that the motion shall be indefinitely small at a great depth 
requires that the real part of s’ shall be positive. Hence, by (4), c must 
be less than f’. Again, if c were less than B, s would be a pure imaginary, 
by (6), and therefore s tan s7’ would be negative. This, by (10), would 
imply that s’ was negative, which is impossible. It follows that c is always 
greater than £ and less than $’. There can therefore be no waves of this 
type if 6 is greater than f’, for it would then be impossible to find a value 
of c that would satisfy both of these inequalities. Thus these waves can 
exist only if the velocity of distortional waves in the surface layer is less 
than in the matter below. 

An optical analogy will illustrate the reason for this result. A wave 
moving in a surface layer may be compared to a light wave moving nearly 
parallel to the faces of a plate, with matter of a different refractive index 
in optical contact with the lower face and a perfect reflecting surface over the 
upper face. If the velocity of light in the plate is less than that in the under- 
lying matter, light with an angle of incidence on the boundary over the 
critical angle will be totally reflected, and will continue to be propagated in 
the plate. If, however, the velocity of light is greater in the plate, light can 
pass freely from the plate to the underlying matter, whatever its angle of 
incidence may be. Thus the light will gradually be lost into the underlying 
material as it advances, and the propagation of a train of waves of constant 
form will be impossible. In fact Love waves are equivalent to SH waves 
reflected up and down within the upper layer, with associated movement 
in the lower layer of the type that always arises in total reflexion. 

Equation (10) can be written 


Citaicorel ao | ee peg tee © MeSdece sess (12), 
where o and o’ have been written for (c2/8? — 1)* and (1 — c2/B’2)? re- 
spectively. When c is equal to 8, o is zero, while o’ is finite and positive. 
Thus whatever «7 may be the left side of (12) will be zero and the right 
positive. As ¢ increases, the left side will increase steadily until oxT’ 
becomes equal to 47, when the left side becomes infinite. If then 
(B’2/B2 — 1)®x7' is greater than 37, the left side will become infinite and 
positive for some value of c between f and f’. It will then become negative 
and again increase steadily; if (8’?/6 — 1)2x7' is greater than 7 but less 
than 37, the left side will again be positive when c is equal to f’; the 
discussion can evidently be extended indefinitely. The right side mean- 
while decreases steadily from p’ (1 — c2/8’2)?/u to zero. Thus the left side 


112 Seismology: Upper Layers 


will exceed the right when c is equal to f’, unless it has become negative 
at some intermediate point by passing through an infinite value and has 
not become positive again by passing through zero; in either case there 
will be some intermediate value where the left side exceeds the right, 
and therefore some other value of c that makes the two sides equal. The 
condition for this is that (8’2/82 — 1)®«7’ shall be less than 7. Similarly 
we see that there will be two possible values of ¢ that satisfy (12) if 
(B'2/B2 — 1)2«T' lies between 7 and 2m, three if this quantity lies between 
27 and 37, and so on. Again, we see readily that increasing « while keeping 
7’, », and p’ the same makes all the roots approach £. Thus the shorter 
the wave-length, the more closely will the velocity approach that of dis- 
tortional waves in the upper layer; and when it becomes indefinitely short 
these velocities tend to equality. Again, if « is indefinitely small, we see 
that the equation (12) can be satisfied only when c approximates to f’; 
thus waves of great length will travel with velocities approximating to 
that of distortional waves in the lower layer. 

When more than one value of ¢ corresponds to the same value of x, 
sz changes by more than z as z changes from 0 to — 7’; hence V, being ex- 
pressed as a harmonic function of sz with real coefficients, must vanish for 
some intermediate value of z. Thus there will be no, one, two, or more nodal 
surfaces within the upper layer according as the root considered is the lowest, 
second, third or higher value of ¢ corresponding to the actual wave-length. 

We see from (7), (8), and (9) that the ratios of A, B, and C are all real; 
it follows that the motion is in the same phase at all depths. 

The type of waves just discussed will be referred to as Love waves. 
It has been seen that the displacement in them is wholly horizontal and 
at right angles to the direction of propagation; they should not affect the 
vertical component. This is in agreement with the appearance of the 
records. A seismogram of the vertical movement shows a smooth oscilla- 
tion, which is readily attributable to a single type of wave, namely the 
Rayleigh waves; but the two horizontal components show violent irregu- 
larities, indicating the passage of two sets of waves of widely different 
periods. It seems probable that the slower of the oscillations shown by 
the horizontal components are due to Rayleigh waves and to those Love 
waves that have no nodal plane, while the rapid ones are due to the Love 
waves with nodal planes. 


6-62. The velocity c in 6-61 is the velocity of advance of an unlimited 
train of harmonic waves all of the same length. An arbitrary initial dis- 
turbance may however be regarded as the sum of an infinite number of 
such trains, each of which then proceeds to spread out with its own proper 
velocity. If in fact x is a position coordinate and the initial disturbance is 


1 eo 
ume G(K) GOR RE Cie 2  nuencene (1) 
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where ¢ (x) is a function of « to be determined by the initial conditions, 
the disturbance at a later time ¢ is 


ik hie) 
Rts . p(«k)cosKxcoskKctde  —— ——saseaeee (2), 


or, if we put sake et OAT © ss ens: 32 (3), 

a = =|. f (x) cos (kx — yt) die + ik d (k) cos (xx + yt)dk (4). 
It can be shown that in the class of cases that concern us here the first 
integral represents a train of waves advancing from the region disturbed 
initially towards the direction of x increasing, while the second represents 
a similar train travelling in the opposite direction. An approximation to 
the first integral* is 


; 
ee eau B (eq) COS (Keg — yg F fm) steeseees (5), 


where the suffix zero indicates that the corresponding quantity is evaluated 
for the value of « that satisfies 
= Zi pio (6). 

Then 27/x, and 27/7) are the wave-length and period of the waves near 
the point x at time t. The ratio y)/x, is ¢), the wave-velocity of the individual 
waves in this neighbourhood. Also (dy/dx), is the ratio of the distance 
travelled by the period in question to the time taken, and can therefore 
be regarded as the velocity of the period. It is not in general equal to c; 
a given wave usually changes its length and period as it travels. We call 
dy|/d« the group-velocity and denoteit by C; it is connected with c, the wave- 
velocity, by the relation 


_dy_d de 
C op FF acl ae me See tanath (7), 


6-63. A valuable set of observations of the velocities of Love waves 
was collected and discussed by Gutenberg}. As what he determined were 
the epicentral distances and times of the waves of given periods, the 
velocity determined as their ratio was the group-velocity C; Gutenberg 
unfortunately interpreted it as c, the wave-velocity, and used the formula 
6-61 (11) to determine the unknown 7. For Eurasia this was found to be 
55 km. The error was pointed out by R. Stoneleyt, who showed that in a 
relevant case the wave-velocity might be 3-8 km./sec. when the group- 
velocity was only 3-14 km./sec.; the whole range of variation of the wave- 
velocity was 3-2 to 4-4 km./sec. The difference between the two velocities 
was therefore of great importance. The present writer revised the compu- 
tation§ and found that the thickness determined was reduced to about 

* Cf. Havelock, The Propagation of Disturbances in Dispersive Media, Cambridge Math. 
Tracts, 17. 


t+ Phys. Zs. 25, 1924, 377-381; Der Aufbau der Erde, 1925, 97. 
{ W.N.R.A.S. Geoph. Suppl. 1, 1925, 280-282. § Ibid. 282-292. 
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15 km. Meanwhile Gutenberg had independently discovered the error*. 
In later work by Stoneley and Tillotson} the behaviour of Love waves in 
a crust with two layers of thickness 7’ and 7” on top was investigated. 
With 7 = 7", they found that Gutenberg’s data would fit a thickness of 
13 km. for each layer; the properties assumed for the intermediate layer, 
however, corresponded to gabbro rather than to the actual material. 
A further paper by Stoneley alonet assumes, on the basis of the work on 
near earthquakes, that the intermediate layer is twice as thick as the 
upper one, and finds 13 km. for the thickness of the upper layer and 26 km. 
for the lower. The results are reasonably consistent with those given by 
near earthquakes. 


6-64. But as fast as one difficulty in the theory of.surface waves is 
removed, other two take its place. The only hopeful feature is that the 
new ones generally seem less fundamental than the old one. Looking at 
the ordinary formula for dispersion 6-62 (5) we see that the coefficient of 
the cosine is a function of x, only, multiplied by #*. Hence for waves of 
a definite period the amplitude varies as they travel out like t-*, and 
therefore like x~’. This factor is the same for all periods. The amplitudes 
associated with given periods should therefore be in the same ratio what- 
ever the epicentral distance. Further, the constancy of the group-velocity 
for a given period is an essential part of ordinary dispersion. 

One conspicuous, and hardly surprising, departure from these pre- 
dictions is that the surface waves show marked damping, whose amount 
depends on the period. On an average the distance they travel while the 
damping factor decreases in the ratio e : 1 is about 4000-6000 km. But 
the effect is more severe on the shorter waves than on the longer ones, 
so that whereas the period of the largest oscillations at short epicentral 
distances may be about 8s., that at great distances (A = 90°) is on an 
average 20s. But the effect is irregular and not even invariably in the 
same direction§. Some departure from the formula 6-62 (5) is to be 
expected from the fact that both Love and Rayleigh waves possess a 
minimum group-velocity. The amplitudes associated with this would be 
expected to become more prominent with increasing epicentral distance, 
but the relevant period is about 10s., so that the effect is in the wrong 
direction. Frictional damping hardly seems likely to vary as markedly 
as the data indicate. I have suggested that reflexion and scattering when 
the waves cross regions where the constitution of the crust changes may 
produce the requisite effect. There is probably also refraction at the 
boundaries of continents, which should give great irregularities. 


* Phys. Zs. 27, 1926, 111-114. 

t M.N.R.AS. Geoph. Suppl. 1, 1928, 521-527. 

{ Ibid. 527-532. 

§ J. B. Macelwane, Bull. Seism. Soc. Amer. 18, 1923, 13-69; K. Wegener, Gétt. Nach. 
1912, 333-338. 


Sub-oceanic Structure 115 


6-7. The seismological investigation of the sedimentary layer is in its 
infancy. It does not appear to transmit distinct waves from near earth- 
quakes, but probably plays a part in determining the periods of the pulses 
and the length of the long train of gradually dying waves that follows the 
stage of the greatest displacements. Much observational work has been 
done on the propagation of waves from small explosions and other arti- 
ficial disturbances, but hitherto it has not been coordinated. Among the 
chief names associated with it are those of Mintrop and Hubert in Germany, 
and Maurain, Eblé and Labrouste in France. The stratification of the 
sedimentary layer probably makes the equations 6-3 (1) incorrect, because 
they refer to an isotropic solid. Its irregular structure, also, must give 
rise to much internal reflexion. 


6-8. The discussion of the structure of the upper layers up to this 
point concerns only continental conditions; the evidence of near earth- 
quakes and of the propagation of surface waves in Eurasia specifically 
concerns the continents. There is abundant geological evidence that the 
rocks below the ocean floor are systematically different from those of the 
continents. This is shown especially by the predominance of basic rocks 
and the rarity of granite on oceanic islands. We shall see later that other 
evidence is provided by isostasy. It is also probable that sub-oceanic 
rocks have on the whole cooled more than continental ones. On both 
grounds we might expect the velocities of seismic waves to be rather higher 
than in the same material below the continents, and the granitic layer 
may be thin or absent. 

It was found by Angenheisterf that the times of transmission of P 
and S from a Tonga earthquake to a distance of 6° were less by 13 s. and 
25 s. respectively than to a similar distance in Europe. The corresponding 
difference in velocities would be about 15 per cent. This difference, if 
genuine, does not persist to greater distances; the times of transmission 
of the waves from the Montana earthquake to distances of 30° under land 
and under sea were not systematically different. Waves in upper layers 
analogous to P, or P* have not yet been identified under the ocean. If 
the Fiji Islands, Tonga, and Samoa contained six observatories trust- 
worthy to a second the study of near earthquakes under the ocean might 
develop, but at present the observatories are too sparsely distributed. 

The other source of information about sub-oceanic seismology is pro- 
vided by the surface waves. The dispersion of Love waves is strikingly 
different below Eurasia, the Atlantic, and the Pacific. In Eurasia the 
group-velocities range from about 3-0 to about 4:4 km./sec.; the minimum 
group-velocity is theoretically slightly less than the velocity of S,, and 
the observed velocities cluster strongly about 3-0 km./sec. Under the 
Pacific group-velocities of 3-8 km./sec. or more are typical for waves with 


+ Gott. Nach. 1921, 1-34. 
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periods of 20s., which have average group-velocities of 3-2 km./sec. in 
Eurasia}, while velocities under 3-5 km./sec. are rare for any period. These 
facts seem to indicate that the granitic layer is thin or absent under the 
Pacific. The dispersion under the Atlantic is intermediate in character. 

In a recent paper W. Hillert has shown that the maximum amplitude 
of the Rayleigh waves is propagated 27-28 per cent. faster along oceanic 
than along continental paths. He remarks that in most cases the relevant 
period was about 18-20s. Definite interpretation of his results must 
await a theoretical discussion of the dispersion of Rayleigh waves. 


6-9. Summary. On geological grounds it is to be expected that the 
rocks of the crust increase in basicity with depth, the uppermost igneous 
layer under the continents being granitic. The study of near earthquakes 
in continental regions shows that three layers are concerned, the velocities 
of propagation of compressional and distortional waves in them being as 
follows: Upper layer, P,, 5-4-5-6 km./sec.; S,, 3-3 km./sec.; intermediate 
layer, P*, 6-2-6-3 km./sec.; S*, 3:7 km./sec.; lower layer, P, 7-8 km./sec. ; 
S, 4:35 km./sec. Comparison of the velocities with laboratory determina- 
tions of the compressibilities of rocks shows that the upper layer is pro- 
bably granite, the intermediate one tachylyte (glassy basalt) and the 
lowest dunite, though other interpretations may be found to fit the 
seismological data. There seems to be no layer of crystalline basalt. The 
thicknesses of the upper and intermediate layers are found to be about 
10 and 20 km. respectively. The study of surface waves leads to similar 
results. Conditions below the oceans have been less thoroughly studied, 
but the evidence indicates that the granitic layer there is thin or absent. 


t Cf. the diagram given in several of Gutenberg’s recent publications. 
t Gerlands Beitr. z. Geophysik, 17, 1927, 279-324. 


CHAPTER VII 
Seismology : The Harth’s Interior 


“One, two! One, two! And through and through 
The vorpal blade went snicker-snack !” 
Lewis Carro.iu, Through the Looking-Glass. 


71. The Zoppritz-Turner Tables. After Oldham’s identification of the 
three phases in records of distant earthquakes, and his construction of 
preliminary time-curves for them, the next great advance on the observa- 
tional side was by K. Zoppritz*, who collected the available information 
for three well-observed earthquakes and put it together so as to give a 
new set of time-curves. The earthquakes used were the Indian one of 1905 
April 4, the Calabrian one of 1905 September 8, and the Californian one 
of 1905 April 18. The results for epicentral distances under 1000 km. 
depended wholly on the Calabrian earthquake, and it is worth while to 
rediscuss them in relation to the modern work on near earthquakes. 
Zoppritz proceeded by assuming the velocity of P from the epicentre to 
Messina to be 7 km./sec., and determined the time at the origin accordingly. 
This time being taken as 1 h. 43 m. 5 s., he obtained the times of transit 7’ 
in the third column of the following table. The fourth column A/T then 
gives the mean apparent velocities to various distances in km./sec. Their 
consistency clearly leaves something to be desired. We now know, however, 


A (km.) 4p A/T T — A/78 
Messina 80 12 6:7 2 
Catania 170 25 6:8 3 
Ischia 270 42 6:5 7 
Rocea di Papa 430 55 7:8 0 
Wien 1050 133 7:9 1 
Miinchen 1100 158 7:0 17 
Jena 1390 177 7:9 ] 


that at so short an epicentral distance as 80 km. the first pulse to arrive 
would normally be P, and not P, and P, was therefore probably the wave 
recorded at Messina. If we form the differences 7’ — A/7-8 we obtain the 
fifth column of the table. The results for Ischia and Miinchen are now seen 
to be definitely exceptional, and the approximate constancy of the others 
indicates that a velocity of 7-8 km./sec. was very near the truth. We may 
take the time of starting for P as 7’ — A/7-8 evaluated for Catania, and 
for P, as T'— A/5-6 evaluated for Messina. The latter is — 2s., so that 
the delay of starting of P in comparison with P, was 5s.; this compares 
well with the 6-7 s. given by the recent studies of near earthquakes. 


* Gott. Nach. 1907, 529-549. 
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In Zéppritz’s final results a velocity of 7-2 km./sec. is ascribed to P 
up to A= 666km. At this distance the time of transit according to him 
is 92 s.; while A/7-8 is 858., so that a difference of 7s. has accumulated 
owing to the adoption of too low a velocity at short epicentral distances. 

The times of transmission to greater distances were obtained from the 
Calabrian earthquake, which was observed up to A = 7660 km., supple- 
mented by the observations of the other two. The most distant observation 
was that of the Californian earthquake at Tiflis, 11,110 km. away. There 
were conspicuous gaps where no observations were available, the chief 
being from 5680 km. to 7660 km. These were filled up by interpolation, 
and the curve for P was continued up to 13,000 km. by extrapolation. 
The same applies to the treatment of S, which however was observed at 
no epicentral distance under 1185km. At this distance the observed 
difference between the times of arrival of P and S was 122 s.; that calcu- 
lated on the supposition that they started at the same time and had 
velocities 7-8 and 4:35 km./sec. would be 121s. Clearly there is no in- 
consistency between Zéppritz’s data and the results obtained from near 
earthquakes. But the velocity of S finally adopted by him for distances 
up to 666 km. was only 4:0 km./sec., owing to the fact that the apparent 
times of starting had been made too early in order to fit the low velocity 
assumed for P. 

Though Zoppritz’s curves are affected by these systematic errors they 
have formed the basis of the chief developments in the study of distant 
earthquakes since their publication. They were reduced to the form of 
tables by Prof. H. H. Turner (and incidentally extrapolated further to 
A = 150°)*. In this form they have been used in the reduction of seismo- 
logical observations in the British Association Bulletin and the International 
Seismological Summary since these publications began. Their general 
correspondence with the facts is good, though it is becoming clear that 
they require corrections of the order of 20 s. at some epicentral distances. 
In the meantime several other tables of times of transmission have been 
published, but Prof. Turner has, wisely in my opinion, continued to use 
the old ones until it should be possible to feel confident that a change 
once made was likely to be final. The times at present in use are given in 
the table on p. 119. 


7-2. Epicentral distances are usually calculated from the formula of’ 
spherical trigonometry, 


cos A = cos 6 cos #’ + sin @ sin &’ cos (6 — ¢’) ose. ee (1), 


* Zoppritz gave his epicentral distances in kilometres, measured as arcs along the 
surface of the earth, and this practice is still followed by most continental seismologists. 
The usual British practice is to give the distance in degrees, as the angle subtended at the 
centre of the earth by the arc. To convert from one to the other, notice that 9° = 1000 km., 
or 1° = 111-1 km, 


The Zippritz-Turner Tables 


De- jz S S-P]| De- iz S 
grees] sec. sec. sec. | grees} sec. sec, 
1 15 28 13 51 553 991 
2 31 55 24 | 52 560 1004 
3 47 83 36 53 566 1016 
t 62 110 48 54 | 573 1029 
5 77 137 60 } 55 | 579 1041 
6 92 164 72 56 | 586 1054 
7 106 190 84 57 592 1066 
8 121 217 96 58 599 1079 
9 13 243 107 59 605 1091 
10 150 | 269 119 60 | 612 1108 
ii 164 | 294 130 61 619 1116 
12 179 319 140 | 62 625 1128 
13 193 344 151 63 632 1141 
14 206 368 162 64 | 638 1153 
15 219 392 173 65 645 1165 
16 232 415 183 66 651 1177 
187s 245 | 438 193 67 658 1190 
18 | 257 460 | 203 68 664 1202 
19 | 269 | 482 | 213 69 671 1214 
20 | 281 503 222 70 | 677 1226 
21 293 524 | 23 71 683 1238 
22 305 | 545 | 240 | 72 | 690 1250 
23 317 565 | 248 | 73 696 1262 
24 328 | 584 | 256 74 | 702 1274 
25 338 | 603 | 265 | 75 } 709 1286 
26 348 | 622 | 274 76 | 715 1297 
27 358 641 283 77 721 13809 
28 368 | 659 | 291 78 727 1320 
29 378 | 677 299 79 733 1332 
30 | 388 | 694 | 306 80 | 739 1343 
31 398 AU 313 81 745 1355 
32 407 728 | 321 82 | 750 1366 
33 416 | 744 | 328 83 756 1377 
34 | 425 760 | 335 84 | 762 1388 
35 433 775 | 342 85 768 1399 
36 442 790 | 348 86 | 773 1410 
37 450 ; 804 | 354 | 87 ©) 1421 
38 | 458 818 | 360 | 88 | 785 1432 
39 466 | 832 | 366 | 89 790 1443 
40 | 475 847 372 {90 |) 796 1454 
4] 483 | 861 378 91 801 1464 
42 491 875 | 384 | 92 807 1475 
43 498 | 888 390 | 93 812 1485 
44 | 506 | 902 396 94 | 818 1496 
45 | 5138 915 | 402 95 823 1506 
46 520 | 928 | 408 | 96 829 1516 
47 527 941 414 | 97 834 1526 
48 | 5384 | 954 | 420 | 98 840 1536 
49 540 | 966 426 | 99 845 1546 
50 | 547 979 | 432 |100 | 851 1556 


S-P]| De- 
sec, | grees 
438 101 
444 102 
450 103 
456 104 
462 105 
468 106 
474. 107 
480 108 
486 109 
491 110 
497 Ill 
503 112 
509 113 
515 114 
520 115 
526 116 
532 117 
538 118 
543 119 
549 120 
555 121 
560 122 
566 123 
572 124 
577 125 
582 126 
588 Uy 
593 128 
599 129 
604 130 
610 131 
616 132 
621 133 
626 134 
631 135 
637 136 
642 137 
647 138 
653 139 
658 140 
663 141 
668 142 
673 143 
678 144 
683 145 
687 146 
692 147 
696 148 
701 149 


119 
P S S-P 
sec. sec. sec. 
855 | 1565 | 710 
860 | 1575 | 715 
865 | 1584 | 719 
870 | 1593 | 723 
874 | 1602 | 728 
879 | 1612 | 733 
884 | 1621 | 737 
888 | 1630 | 742 
893 | 1639 | 746 
897 | 1648 | 751 
902 | 1657 | 755 
907 | 1666 | 759 
911 | 1674 | 763 
916 | 1682 | 766 
920 | 1690 | 770 
925 | 1698 | 773 
929 | 1706 4) 777 
934 | 1714 | 780 
938 | 1722 | 784 
942 | 1729 | 787 
947 | 1737 | 790 
952 | 1744 | 792 
957 | 1752 | 795 
961 | 1759 | 798 
966 | 1766 | 800 
970 | 1773 | 803 
974 | 1780 | 806 
978 | 1787 | 809 
983 | 1794 | 811 
988 | 1801 | 813 
992 | 1807 | 815 
996 | 1814 | 818 
1001 | 1821 | 820 
1005 | 1827 | 822 
1009 | 1833 | 824 
1014 | 1840 | 826 
1018 | 1846 | 828 
1023 | 1852 | 829 
1027 | 1858 | 831 
1031 | 1864 | 833 
1035 | 1869 | 834 
1039 | 1875 | 836 
1043 | 1881 | 838 
1047 | 1886 | 839 
1051 | 1892 | 841 
1055 | 1897 | 842 
1059 | 1902 | 8438 
1063 | 1907 | 844 
1067 | 1912 | 845 
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where @ and 6’ are the colatitudes, ¢ and ¢’ the east longitudes, of the 
observing station and the epicentre. If we write 


a=sinOcos¢d; b=sin@singd; c=cos@ ......... (2), 
A = sin @’ cos ¢'; B= sin & sin ¢’; C=cos ......... (3), 


(a, b, c) and (A, B, C) are the direction cosines of the radius of the earth 
drawn to the station and the epicentre, the axes being the equatorial 
diameters in the Greenwich meridian and 90° east of it, and the polar axis. 
Then (1) becomes the simple formula of solid geometry 


cosA=aA+b0B+ CO —= ———  aaseneeee (4). 


Prof. H. H. Turner has put this into a very convenient form for compu- 
tation* by noticing that it is equivalent to 


2 (1—. com A) = (a.— A)t + (6 = Be eee eee (5). 


The method of use is to have (a, b, c) computed once for all for each 
observatory, and to calculate (A, B, C) from the assumed latitude and 
longitude of the epicentre. Then a — A, b — B, and c — C are found by 
subtraction and 2 (1 — cos A) by the use of a table of squares and addition. 
A table of 2 (1 — cos A) has been provided. The method is much more 
convenient than the direct use of (1). The constants (a, 6, c) for the stations 
are published to three places of decimals in a supplement to the Jnter- 
national Seismological Summary, though it would be convenient for work 
on near earthquakes to have them to four places. 
If A is over 90° it is often more convenient to use the formula 


2 (1+ cos A) = (a+ A)? + (b+ B)? + (C+ C)? 2.2... (6). 


7-3. Velocities in the interior of the earth. Observations of distant 
earthquakes can be used in two ways to give information about the 
velocities of elastic waves in the interior of the earth. One depends wholly 
on the use of the times of transmission, while the other supplements these 
considerably by using also the amplitudes of the motions. We consider a 
wave spreading out from a point on the surface of the earth, and suppose 
its velocity in the neighbourhood of any internal point to be c, and the 
time taken to reach that point to be 7’. 7 will evidently be a function of 
the position of the point. Then the surfaces where 7 is constant will mark 
the consecutive positions of the wave front. We shall treat the earth as 
spherically symmetrical, so that ¢ is a function of the distance from the 
centre alone. Let r denote the distance of a point from the centre, and 
6 the angle between the lines joining the point and the focus to the centre. 
Thus 7 and @ are spherical polar coordinates. The wave front will at all 
instants be symmetrical about the line joining the centre of the earth to 


* M.N.R.A.S. 75, 1915, 530-541. 
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the focus of the earthquake. The time taken by the wave to reach a given 


point is 
r=[© 
ap ME. 


a be {(35). si nl UDP sap ol cin pee (1), 


where ds is an element of length along the path actually taken by the 
wave in passing from the focus to the point. The actual path is the one 
that makes this time the shortest possible, since the records of earthquakes 
give the time of the commencement of each phase. Thus the actual path 
has to be such as to make the integral (1) a minimum. Putting for a 
moment V for the integrand in (1) and p for dr/d#, we know from the 
calculus of variations that the integral is stationary if 7 satisfies the 
differential equation 


eV d ov 
ie ee (2), 
a first integral of which is known* to be 
oV 
V= p Op — YQ SSSOTES (3), 
where /p is a constant. On substituting for V and simplifying we find 
v2 /dr\2 $ 
5-215) rl ec: (4), 
dr r? )2 
whence me ro A Pew aesses (5), 
and 6=+ | snore Sone ae (6). 
iP gl 2 
eo? 


The disturbance commences by moving inwards, so that dr/d@ is negative ; 
thus the negative sign must be taken for the root. Again, dr/d? vanishes 
when the ray reaches its nearest point to the centre. We see by (5) that 
the value of r at this point is pce. If x is the corresponding value of 0, 
we have R pdr 


X= re Seaeatltats (7); 
C2 

where R is the radius of the earth. After passing this point the ray bends 
upwards, remaining symmetrical about the line joining the centre to the 
point nearest to the centre, and reaches the surface again at the point 
(R, 2x). Evidently 2y is the angular distance between the focus and the 
point of emergence of the ray, and may be denoted by A. The tables give 
the time taken by the ray in reaching this point as a function of A. 


* Todhunter, [ntegral Calculus, 1883, p. 346. 
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Now let P be the point (R, A), and 7 the time taken in reaching it. 
Let P’ be a neighbouring point (R, A+ dA), and 7 + dT the time taken 
in reaching it. A is an angle, in circular measure. Draw PQ perpendicular 
to the ray that reaches P’, and let c) be the velocity of the wave near the 
surface. Then 


OP = CA) PP = hak) ee oe (8), 
QP’ _qdl 
and therefore PP oO RGA CO (9). 


This ratio, however, is the cosine of the angle made with the surface by 
the emergent ray, and therefore, on account of the symmetrical form of 
the ray, is equal to the cosine of e, the angle made with the surface by the 
ray when it enters at the focus. The latter is equal to the value of Rd@/ds 
when r is equal to &. But by (4) 


dé pe 
ata ee 1 1 eee (10). 
el 
Hence we must have Rane eR? 
aT 
or p — aA AQ On CaTIAd (11) 


Thus p is a calculable function of A, and therefore of y. Therefore y may * 
be expressed as a function of p, f (p) say. Equation (7) therefore contains 
only one unknown, namely c. Our problem is therefore to determine c 
as a function of r from this integral equation. If we put 


en t/a Nie GoNacnoos (12), 
d 
: Rico dn (log r) dn 
equation (7) becomes f(p)=p | (,neayae ere ee (13), 
p pee 


which has been solved by Herglotz and Bateman*. The solution is 


2 fRieo 
logr=0—=| CA ee et (14), 
TJy (uw? — 9%)8 
where C' is a constant. When 7 approaches R/cy, 7 approaches R, and 
therefore 
C=log FR. 
Hence finally log — | ol (15) 
root), & (2 — y2)8 : 
This equation gives r as a function of 7, while, by (12), 
ee ak 2% (16), 


so that a correspondence can be established between the values of r and c, 
and ¢ is therefore obtained as a function of 7, The calculation is laborious, 


* G. Herglotz, Phys. Zs. 8, 1907, 145-147; H. Bateman, Phil. Mag. Ser. 6, 1910, 576-587. 
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but has been applied to the Zéppritz-Turner tables by C. G. Knott*. The 
numerical integration can be somewhat simplified by a device due to 
Wiechert+. We notice that in (13) 4 and r are quantities that vary along 
a given ray, p remaining a constant determined by the angle of emergence. 
In (14), on the other hand, 7 and r refer to the deepest point of the ray, 
while p, which replaces p, ranges from 4 to R/c,, and therefore gives the 
angles of emergence of the rays that emerge at distances A, between 0 
and A. If we put 


m=neohg j= = ——— aereerees (17), 
we can write p= (dT /dA),; 1 = (dT /dA); f(u) = FA, «.eeeee. (18). 
a soe g EAA _ £08 
us cosh ¢ a ae (19), 
and q ranges from 0 to cosh~ sec e. Thus (15) becomes 
Rk 1 (cosh—*sece 
log ~ =— | A,dq 
1 l 0 
=~ [Awl - = | Cc are (20). 


But q vanishes at one limit and A, at the other, so that the integrated 


part is 0 and wy ae 
log === | SEN gs tk yt iA (21). 


Thus when q is found by (19) for values of A, less than A, the depth 
reached by the ray emerging at distance A is given directly by (21). Also 
by (16) the value of r/c at this depth is dT'/dA and therefore 


dT 
c=fr / 7 i, Cen ee ace (22), 

Wiechert’s method was applied by S. Mohorovitié to the revised tables 
for P constructed by his father and himselff. 


7-31. The use of amplitudes to improve the time curves was begun by 
Zoppritz, and carried out by L. Geiger and Gutenberg§. The method is based 
on the assumptions that the focus sends out energy equally in all direc- 
tions, and that the propagation of energy is wholly along the rays and 
not across them. Let us suppose that the energy emitted per unit solid 
angle is K. We use the angle of emergence of the waves in preference to 
the angle of incidence because it vanishes with A. The angle of incidence 
of a ray on entering is, by symmetry, the same as on emergence. The 
energy sent out within a range de is 27K cos ede. The area of the surface 


* Proc. Roy. Soc. Edin. 39, 1919, 158-208. 

+ Wiechert and Geiger, Phys. Zs. 11, 1910, 294-312. 

{ Gerlands Beitr., 13, 1914, 217-240 and 14, 1916, 187-198. 
§ Gott. Nach. 1912, 121-206, 623-675. 
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of the earth between epicentral distances A and A + dA is 27R? sin AdA. 
The energy received per unit surface is therefore 
K cose de 
R*sin AdA 
But the angle between the wave front and the surface is 37 — e, so that 
unit surface corresponds to an area sine of the wave front. Hence the 
energy per unit area of the wave front is 
K cote de 
R2 sin A dA eeeeeeoce 
If a shock of the same intensity occurred in a homogeneous body of 
infinite extent, the energy per unit area of the wave front at distance R 
from the focus would be K/R?. Taking this as our standard of intensity, 
we have for the intensity of the wave coming up to the surface the formula 


cote de 
H —— sin A dA (3). 
_ At ( 
Also e satisfies the relation COSE= Basten (4). 


The amplitude of the wave coming up to the surface is proportional to 
,/E. To obtain the motion of the ground we must apply a factor to allow 
for the ratio of the movement of the ground to that in the emergent wave. 
It may also be necessary to allow for losses of energy by absorption and 
reflexion on the way. 

For an origin at the surface 0 < e< $7. Also H is necessarily positive, 
and therefore by (3) de/dA is positive. Differentiating (4) we therefore see 
that d?T'/dA? is negative. So long as the laws of geometrical optics apply 
the time curves are concave to the axis of A at all places where waves 
are received. 

If the amount of displacement of the ground was accurately known 
as a function of # and e, and was also accurately observed, (3) would be 
a differential equation giving e in terms of A, soluble by direct integration. 
Then a further integration of (4) gives 7’. We can either obtain the times 
of transmission by two integrations based on the observed amplitudes, 
or the amplitudes by two differentiations based on the observed times. 
But the quantity that interests us most directly, on account of the in- 
formation it gives on the earth’s internal structure, is e; for by 7-3 (9) 

COs € = ce ae (5 
ita Fg, ‘ 
and is therefore directly connected with the properties of the earth at 
the deepest point reached by the ray. To investigate the structure of the 
earth, therefore, we can either integrate the amplitude curve or differen- 
tiate the time curve. The latter gives the method of Herglotz and Bateman, 
the former that of Zoppritz, developed by Geiger and especially Gutenberg. 
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7:32. Both methods, in their application to empirical data, have con- 
siderable practical defects. The time curves are subject to errors of several 
seconds, at the most favourable estimate, and any accidental irregularities 
in them are magnified in forming the differential coefficients dT’ /dA. The 
axoplitude method depends, in its most natural form, on the comparison 
of amplitudes at different epicentral distances. But these amplitudes are 
measured on instruments of many different types, and the magnification 
given by a seismograph depends both on the period of the disturbance 
and on the natural period of the instrument. Thus different instruments 
magnify the same disturbance unequally, and the difference is usually 
difficult to allow for. A further complication is that, owing to the effects 
of the layers just below the observatory, the allowance for the ratio of the 
movement of the ground to that in the emerging wave is usually very 
imperfectly known. For these reasons the Gottingen workers used a 
modification of the method. Instead of using observations of P at different 
stations, they used the ratio of the displacements in the P and PF phases 
at the same station. The PR waves are those formed by reflexion of P at 
the point of the earth’s surface midway between the epicentre and the 
observatory. They would be expected to have the same period as P, and 
they are observed on the same instrument, so that the difficulty about the 
magnifications does not arise, and the effects of the uncertainty about the 
local conditions are very much reduced. The formula 7-31 (3) isstill applicable 
to PR, except that the appropriate value of ¢ is the same as that for a 
P wave transmitted to distance 4A instead of A, and that a correction is 
needed for the diversion of energy into other waves on reflexion. The ratio 
of the amplitudes of P and Pf as found by this method at most epicentral 
distances varies for different earthquakes by about 10 per cent. of its mean 
value, but at some distances it is wildly irregular*. About A = 8500— 
9100 km. (76°-81°), for instance, the ratio P& : P varies from 0-2 to 2 
without relation to variation in epicentral distance. But the range where 
the irregularity is so great is not enough to introduce very much uncer- 
tainty on integration with regard to A, and it was found to be possible 
to determine in this way the variation of ¢, and therefore r/c, with A. 
Further, gis determined by 7-3 (20) and therefore r by 7-3 (22). Thus the 
variation of velocity with depth can be determined. 

The use of the ratio PR : P compares the values of de/dA at two places 
where A is in the ratio 1: 2. Beginning with small values of A, repeated 
application of the method determines de/dA for as large distances as we 
like. Inaccuracy may arise from the fact that we are integrating a function 
with an appreciable range of irregular variation at every point, and it is 
difficult to be sure that the inevitable errors are not cumulative. This can 
be avoided by performing a further integration to cbtain a time curve 
based ultimately on the amplitude observations, which must not depart 


* Cf. Gutenberg in Sieberg’s Erdbebenkunde, 318, and in Lehrbuch der Geophysik, 270. 
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from the observed time-curve by more than the admissible errors of the 
latter. Alternatively, e as found from (3) and (4) must agree. By suc- 
cessive approximation, using both the times and the amplitudes, a much 
improved time-curve and set of values of e can be obtained. In this way 
Geiger and Gutenberg* found the variation of the velocities of P and S 
waves to a depth of 2490 km. Waves penetrating to this depth emerged 
at A = 81°-5. Later work by Gutenberg continued this to a depth of 
2900 km., corresponding to A = 103°. 


7-33. To illustrate further how the two methods check each other, we 
may consider what Gutenberg calls a ‘discontinuity of the second order,’ 
that is, a place where dc/dr, but not c, changes discontinuously. If c were 
constant the rays would be straight lines. In general ¢ increases with 


O 
: z 


Fig. 7. Behaviour of waves at a second order discontinuity. The region between rays 
3 and 5 is one of small amplitudes. 


depth, and for this reason the rays are curved outwards. If however a ray 
enters just steeply enough to penetrate a discontinuity of the second 
order, where dc/dr is appreciably less just below the discontinuity than 
just above, the rays just below this surface are much straighter than those 
that just fail to reach it. Hence in this region dA/de is abnormally large, 
and therefore the amplitude on emergence abnormally small. A large ratio 
P& : P may imply a small amplitude of P and therefore a discontinuity 
of the second order; if so, at twice the epicentral distance PR will have 
reached the same surface and the ratio will be unusually small. Sudden 


* Gott. Nach. 1912, 668. 
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changes in the amplitude-ratios with epicentral distance therefore make 
it possible to locate discontinuities of the second order. The best esta- 
blished of these gives rise to small amplitudes of P near A = 40°; the 
corresponding depth is 1200 km. 


7:34. The effect of a discontinuous change in the velocity of propa- 
gation itself is still more marked. This is what Gutenberg calls a “discon- 
tinuity of the first order.’ Two cases naturally arise. First, if the velocity 
is greater in the inner sphere, we see from (5) that a finite jump in c 
without one in ¢ implies that e also must change discontinuously. Between 
the ray that just grazes the inner sphere and the one that strikes it suffi- 
ciently steeply to enter, all rays reaching it are totally reflected—or at 
least not transmitted in the original type. In Fig. 8, ray 1 is the one 


O 


Fig. 8. Discontinuity of the first order, greater velocity below. 


that just grazes the discontinuity. Ray 3 is the critical one, just able to 
enter. The intermediate ray 2 is reflected and strikes the outside between 
the points of emergence of 1 and 3. Ray 4 enters slightly more steeply 
and emerges between 3 and 1, while ray 5 comes out near A = 90°. We 
see that at all points between those where 1 and 3 emerge receive three 
waves: a direct one in the upper layer, a reflected one, and one that has 
been transmitted through the lower layer during part of its course. At 
distances shorter than 03 two waves, the direct one and a partially reflected 
one, arrive; at greater distances than 01, only the transmitted one. 
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7-35. If the velocity is less in the inner sphere, all rays striking the 
inner sphere give transmitted waves, but all are refracted down at finite 
angles. The result is that a definite belt of shadow is cast. The inner 
sphere acts like a lens, and tends to bring the rays emerging from it to a 
focus at the image of the origin. There is an instance of this in the earth. 
The image point is in this case outside the earth, so that the surface of 
the earth cuts the caustic surface in a circle. On this circle the rays 
emerge at minimum deviation. In Fig. 9 ray 2 is just steep enough 
to enter the inner sphere at all, 3 gives minimum deviation, and 4 is 
steeper still. In the belt between the places where 1 and 3 emerge, no 
rays of the original type emerge. Beyond the distance of 3, two waves 


O 
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Fig. 9. Discontinuity of the first order, smaller velocity below. 


reach each place, the one emerging more steeply having passed the centre 
at the shorter distance. The region 3 is one of phenomenally large ampli- 
tudes, on account of the fact that A is there stationary for variations of e, 
so that de/dA is infinite. 


7-36. If the transitions between the granitic, intermediate, and lower 
layers of the outer crust are actually discontinuous, they are discon- 
tinuities of the type illustrated in Fig. 8. The occurrence of the direct and 
indirect waves at the same place is of course observed. There is more 
doubt about the existence of the reflected waves. We have seen that 
reflexion requires one of two conditions, either finite change of properties 
within a wave-length, or incidence near grazing angles. The latter certainly 
occurs for waves travelling just steeply enough to strike the boundaries, 
and the rays reflected as in atmospheric mirage must exist. But their 
paths differ so little from those of the more direct waves P, and S, that 
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the times of transmission must be the same, and they cannot be definitely 
separated. On the other hand it remains doubtful whether the interfaces 
between the layers are sharp enough to reflect waves when the incidence 
is fairly steep. If they are, the partial transmission into the lower layer 
of waves that have been repeatedly reflected between the outer surface 
and the two interfaces is just what is wanted to explain the oscillatory 
character of the movement in the P and S phases of distant earthquakes. 
There is a marked tendency for the periods of P to cluster about 4-7 s., 
and of S about 7—12s., which would agree with this suggestion. On the 
other hand, if such reflexions within the outer layers occur, Heidelberg 
should have been ideally situated to observe the reflected waves from the 
Oppau explosion. Pulses apparently attributable to reflexions exist on 
the records, but every attempt to account for them on such lines has 
hitherto led to inconsistencies*. The question as to whether the transitions 
between the granitic, intermediate, and lower layers of the upper crust 
are gradual or sudden is therefore still open. 


7-4. The clearest discontinuity within the earth, however, is of the 
type shown in Fig. 9, and was discovered by R. D. Oldhamy+. The records 
of the arrival of what were then believed to be the P and S phases at 
epicentral distances over 120° showed a striking delay; this was such as 
to show that the usual increase of velocity towards the centre of the earth 
was at some considerable depth replaced by a decrease. The general im- 
plications of such a result were discussed by Oldham, and the work has 
been followed up by Gutenberg. It is found that P and S, as ordinarily 
understood, are not received at distances greater than 104°. But at 
A = 143° a new wave appears, and remains traceable to the antipodes of 
the epicentre (the ‘anticentre’ of Prof. H. H. Turner). The amplitude of 
this disturbance is usually small; Gutenberg gives it as about one-ninth 
of that of PR when A = 162°. But where it first appears at A = 143° the 
amplitude is enormous; though P is a comparatively small movement in 
most earthquakes, attracting attention chiefly because it comes first, in 
this neighbourhood it is often the largest displacement on the record. 
We see that these phenomena are precisely what would be expected if 
the conditions of 7:35 hold. The wave observed near the anticentre is 
denoted by P’ by Gutenberg, and by [P] by Turner. Its time of transit 
in seconds is nearly 1217 — (180 — A)? x 0-0235. 

The distortional waves, on the other hand, do not reappear around 
the anticentre. It appears that for some reason the central core, while it 
can transmit compressional waves, cannot transmit distortional ones. This 
at once gives a strong suggestion that the earth has a large liquid region 
in the middle. 


* Cf. M.N.R.A.S. Geoph. Suppl. 1, 1926, 395-396. 
+ Q. J. Geol. Soc. 62, 1906, 456-475. 
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Gutenberg found that the velocity of P increased with depth con- 
tinuously (apart from a few discontinuities of the second order) from 
about 8 km./sec. at the base of the outer layer known from near earth- 
quakes to 13 km./sec. at a depth of 2900 km. The intermediate layer had 
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Fig. 10. Variation of velocities of P and S waves with depth. 
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of course not then been recognized from the phenomena of near earth- 
quakes. At 2900 km. the velocity suddenly fell to about 8-5 km./sec., and 
then again proceeded to increase slowly with depth. The velocity of S, 
similarly, increased in the outer shell from 4-3 to 7-2 km./sec. As it did 
not penetrate the core it was impossible to say, from the purely seismo- 
logical evidence, whether this core is a true liquid, unable to transmit 
distortional waves at all, or an imperfectly elastic solid, which would 
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allow them to enter but would absorb them as they advanced. Other 
evidence has, however, shown now that the former alternative is the 
correct one, and that the earth has a dense core, probably composed of 
liquid iron, with a radius rather more than half that of the earth as a whole. 


7-5. So far we have dealt almost wholly with waves that pass right 
through the earth in their original type without reflexion, except that we 
have occasionally needed to refer to PR, the wave derived by reflexion 
of P at the outer surface. But in addition to reflexion at the outer surface, 
which converts an incident P or S wave into a reflected P and a reflected 
S wave together, reflexion and transformation take place at the boundary 


Fig. 11. Paths of the principal pulses observed in distant earthquakes. 


of the core. A P or S wave incident on this from outside gives two re- 
flected waves in the shell and a transmitted P wave in the core. A P wave 
incident on it from inside is partly reflected and partly transmitted as a 
mixture of P and S. Any one of the derived waves in the shell may be again 
reflected and broken up at the outer surface. The waves derived from a single 
primitive disturbance by transmission and reflexion therefore present a 
most complicated picture. 

The nomenclature adopted for these waves is based on two principles. 
The type (P or 8) in each part of the path is indicated by the use of its 
letter; while waves traversing or reaching the central core are indicated 
by the use of the suffix ‘ce.’ (In Gutenberg’s earlier work the suffix ‘4’ 
was used; this survives in Fig. 12.) Thus PP means a wave that starts as P 
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and is reflected once as P at the outer surface; SP is one that starts as 8 
and is reflected as P at the outer surface; PSP is a wave twice reflected 
at the outer surface, being a P in the first and third portions of its path 
and an S in the middle one. The notations PP, PPP, SS, SSS and so on 
are usually replaced in British writings by PR, PR,, SR, SR, respectively. 
A wave that goes down to the central core as P and is reflected up again 
from its outside is called P,P; the suffix is necessary to distinguish it from 
PP. One that is transmitted through the central core and out again as P 
is P,P,P; this is the compressional wave observed near the anticentre. 
The most remarkable history, however, concerns the S waves that strike 
the core. They give reflected waves of two types, and a transmitted P wave. 
When the last strikes the boundary again from the inside it is broken up 
into three. A P and an S wave emerge; when they reach the surface and 
are observed they are denoted by S,P,P and S,P,S. The waves that are 
reflected on the inside of the core may emerge when they strike it a third 
time, giving the waves (S,P.) (P,P) and (S,P,) (P,8). 

Gutenberg, knowing the velocities of P and S at all depths where they 
exist, was able to calculate the theoretical times of transit of many of 
these derived waves*. They have been compared with actual seismograms, 
and his results have been completely verified. Some of the waves, indeed, 
were recognized by others who did not expect them. This was especially 
true of S,P,S, which arrives at the observing station at the same time as S 
when A = 80°, and before S at greater distances. It is comparable in size 
with S, and stations reporting to the International Seismological Summary 
were liable to read as S the earliest wave arriving at about the time 
when S was expected; thus when A was between 80° and 110° they usually 
read S,P,S instead of S. Abnormalities in the behaviour of S in this region 
were first noticed in 1915}, and the symbol Y was given to the unknown 
wave. It was identified as S,P,S in 1926f. 

The reflected waves P,P and S,S are so spread out as to have only 
small amplitudes when they reach the surface, but Prof. V. Conrad has 
found waves capable of this interpretation. The most easily recognizable 
waves reflected on the boundary of the core are those reflected on the 
inside, (S,P,) (P.S) and (P,P,) (P,P). Their existence is of special im- 
portance because it proves that the change of properties at this boundary 
is sudden and not gradual§. 

The wave S,P,P is interesting because it, like P,P,P, has a minimum 
deviation, in this case near A = 135°, where large amplitudes are found||. 

It should be noticed that at stations near the anticentre two waves 
of the type P,P,P should exist, one having travelled by a path similar 


* Gott. Nach. 1914, 125-176. 

+ H. H. Turner, Brit. Assn. Report, 1915. t Ibid. 1926. 

§ Int. Seism. Summary, 1923, Jan._March; M.N.R.A.S. Geoph. Suppl. 1, 1928, 521. 
|| Cf. the record reproduced in Gutenberg’s Lehrbuch, 263. 
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to 2 and the other to 4 in Fig. 9. P’ or [P] is the one that has followed 
such a path as 4. The other, however, probably exists. It has not yet 
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Fig. 12. Times of transit of bodily waves from distant earthquakes. 
(From Gutenberg’s Lehrbuch der Geophysik, Borntraeger.) 
been investigated, but when A = 180° it probably reaches the surface 
1 or 2 minutes later than [P]. 
It is not strictly correct to say that there are no P waves between 
A = 103° and A = 143°. There is a belt of shadow in the sense used in 
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geometrical optics, but some movement occurs in this region owing to 
diffraction, and in large earthquakes recorded with sensitive instruments 
these small diffracted waves can be traced right across the gap. The change 
in character of the record when the direct waves reappear is extremely 
striking*. 


7:6. Revised Times of Transit. Numerous workers have attempted to 
improve the Zéppritz-Turner tables of the times of transit of the P and 
S waves. The modified tables are in most cases not strictly comparable, 
because most writers assume a standard depth of focus different from 
zero and take their zero of time as the time when the original shock 
happened. Consequently there is an arbitrariness in the tables due to the 
assumed depth of focus and thickness of the outer layers. Since these 
quantities can be found for a given earthquake only in the uncommon 
event of there being a sufficient number of observations of P, and S,, 
while P is observed in every earthquake, I think it more convenient to 
measure the times from the apparent time of starting of P; so that for 
short epicentral distances the time taken for P is simply A/v seconds, 
where v is the value adopted by the author for the velocity of P at these 
distances. This convention is already satisfied by the Zoppritz-Turner 
times and by those given recently by myselft. In the latest tables of 
A. Mohorovitiét, on the other hand, the time of P at A= 5° is given as 
1m. 15s., and the velocity at short distances as 8-0 km./sec., so that 
A/v is 1m. 9s. and the apparent time of P in starting is + 6s. This must 
therefore be subtracted from his times to make them comparable with 
the other tables. This has been done in the columns M/’— Z.-T. in the 
comparison on p. 135. 

The times given in several recent publications by Gutenberg are in close 
agreement with those of A. Mohorovitié. 

The corrections indicated in the columns & — Z.-T. were derived mainly 
from a study by Prof. P. Byerly§ of the well-observed Montana earthquake of 
1925 June 28. The times for P derived from this were found to be in close 
agreement, for A < 55°, with the preliminary corrections found by Prof. 
Turner|| from a statistical discussion of over 300 earthquakes tabulated in 
the International Summary. In some cases supplementary information 
concerning both times and amplitudes was derived from Macelwane’s 
study of the earthquake of 1922 January 31, off the coast of California, 
and slight modifications were made at some distances on account of the 


* Cf. Gutenberg’s Lehrbuch, 269; G. Angenheister, Gétt. Nach. 1921, 113-136. 

+ M.N.R.A.S. Geoph. Suppl. 1, 1928, 500-521. 

ft Rad. Jugoslav. Akad. 226, 1922, 94-190. 

§ Bull. Seism. Soc. Amer. 16, 1926, 209-265. Other data from this paper have been 
used in 6:51 and 6:55. 

|| M.N.R.A.S. Geoph. Suppl. 1, 1926, 425-446. 

4] Bull. Setsm. Soc. Amer. 18, 1923, 13-69. 
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evidence given by the study of amplitudes. There is a general resemblance 
between the corrections inferred by myself and by A. Mohoroviti¢é. But 
near 40° the evidence available to me indicates negative corrections to 
both P and S appreciably greater than his, and I think my values are 
the better in this region on account of the complete agreement between 
the independent work of Byerly and Turner. At distances of 65° and more 
his times are shorter than mine. From 60° to 89° mine depend mainly 
on the European observations of the two American earthquakes, and 
serious systematic error seems unlikely. Accordingly I am inclined to 
think that the corrections in the column R—Z.-T. are the best yet ob- 
tained, though it is desirable that they should be checked against other 
well-observed earthquakes. 


12 S 
SSS co OF 

A M’ —Z.-T. R-Z,.-T. M’ -Z.-T. R-Z.-T. 
0 0 0 0 0 
5 — 8 — 6 — —10 
10 —10 — 8 — — 15 
15 — 12 — 9 — 12 —17 
20 —10 — 8 —14 — 9 
25 — 9 — 9 —17 —14 
30 — 8 —14 — 20 — 25 
35 — 9 —17 — 22 — 28 
40 —ll —19 — 21 — 23 
45 —ll —17 —17 —15 
50 —10 —13 —14 — 10 
55 — 8 — 9 —10 — 6 
60 — 9 — 7 — 7 — 3 
65 —Ill — 6 — 6 — 1 
70 = i — 6 e — 5 0 
715 —17 — 6 — 8 0 
80 —18 — 7 —10 — i) 
85 — ALS = § =15 =11 
90 0) = <8 — 20 519 
95 — 20 = 10 aoe = 
100 — 22 — 13 eel = 


7-7. Focal Depth. There are few instances where the depth of focus 
of an earthquake is definitely known. The focus of the Jersey earthquake 
was apparently near the bottom of the granitic layer, of the Hereford one 
a little higher, but in no other case does an estimate exist that the present 
writer, at any rate, feels prepared to accept. Other considerations, how- 
ever, exist that make it possible to fix limits to the depth of focus. All 
near earthquakes yet studied have shown strongly the waves AG ae 
If the focus was below the granitic layer no wave from it entering the 
granitic layer could be refracted so as to travel nearly horizontally, and 
P, and S,, if they existed at all, could only be feeble diffracted waves. 
The existence of these waves shows that the focus was within the granitic 
layer. If P* and S* were strong and P, and S, absent, we could infer 
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that the focus was in the intermediate layer, and so on; but no such case 
is yet known. 

In the majority of recorded earthquakes, however, P and S are re- 
ported, but not the waves in the upper layers. This may be due to their 
non-existence, and if so we should have to infer foci in the lower layer; 
but it is probable that in many cases it is due merely to the fact that 
records at near stations either do not exist or have not been studied in 
sufficient detail. Many earthquakes, again, occur below the oceans. In 
all these cases other evidence is needed. Purely seismological evidence is 
provided by the surface waves, which appear to have been strong in all 
earthquakes yet studied. The amplitudes of these waves are theoretically 
very sensitive to focal depth, as is shown by the discussions of Lamb and 
Nakano and by a general reciprocal theorem of dynamics*. Earthquakes 
with foci over 50 km. or so deep should be practically destitute of surface 
waves; this peculiarity will make their recognition easy if an instance 
arisest. 

The times of the Montana earthquake, which definitely had a focus 
in the granitic layer, agreed within about 1 s. up to A = 50° with Turner’s 
means derived from 300 miscellaneous earthquakes. If these had depths 
deeper on an average by 50 km. than the Montana earthquake, systematic 
differences of about 6s. should have emerged in the comparison. I think, 
therefore, that the normal earthquake has not a depth of focus greater 
than about 30 km. 

Prof. Turnert has given reasons for believing that the depths of foci 
in different earthquakes may range from 250 km. above that of the average 
earthquake to 380 km. below it. The former result would be inconsistent 
with the above arguments. Turner’s arguments are based partly on the 
times near the epicentre and partly on the times of [P] near the anticentre, 
which show variations up to a minute at the same epicentral distance. 
The former are based on the Zoppritz-Turner tables, which use a velocity 
of 7-2 km./sec. near the epicentre, and require revision when the velocity 
of 7-8 km./sec. is adopted. But K. Wadati§ has found considerable focal 
depths for a few Japanese earthquakes on similar principles, using more 
modern values of the velocities. Near the anticentre at least two 
waves answering the description P,P,P must exist, one emerging more, 
the other less steeply than the wave with the minimum deviation. If 
the former can be deviated to an epicentral distance over 180°, three 
waves of this type will exist near the anticentre, and their times of trans- 
mission will differ by quantities of the order of a minute. They have not, 
however, been adequately investigated hitherto, and Turner’s interpre- 

* Jeffreys, Operational Methods in Mathematical Physics, 1927, 38-40; M.N.R.A.S. 
Geoph. Suppl. 1, 518-519. 

} Prof. Byerly hasnoticed large earthquakes with this feature. (Private communication.) 


{t M.N.R.A.S. Geoph. Suppl. 1, 1922, 1-13, and later papers. 
§ Geophys. Mag. (Tokyo) 1, 1927. 
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tation of the variation in the times of transit of [P] clearly requires further 
examination. 

7:8. The velocities of P and S at various depths given in Gutenhberg’s 
Lehrbuch (1927) are shown by the continuous lines in Fig. 10, while the 
dotted lines show the results of C. G. Knott based on the Zoppritz-Turner 
tables. The results for P obtained by 8S. Mohorovidi¢ in 1916 are not shown 
because he has accepted his father’s new time-curves, which are almost 
indistinguishable from those of Gutenberg. With regard to Knott’s results, 
it must be said that the part of his curve for P below a depth of 2700 km., 
and that for S below 2800 km., depend on the extrapolated part of the 
Zéppritz curves. Within the region where data exist there is a general 
correspondence between the results, though the velocities found by Knott 
are on the whole too low. Adoption of the revised times given by myself 
would make the P curve start from 7-8 instead of 8-0 km./sec.; the velo- 
cities of both P and S about 1200 km. down would be slightly increased, 
and those between 2400 km. and 2900 km. would be slightly reduced. 

Adams and Gibson estimate that the change of compressibility of 
dunite per 10° c.g.s. units of pressure is 0-007 of the compressibility at 
2000 megabars. This would make the velocity of elastic waves increase 
with depth at the rate of 1 part in 850 per km. The actual increase 
for both P and S is about one-half in the first 1200 km., so that the 
variation indicated by work in the laboratory is not maintained. At 
greater depths the increase is of course slower still. 


7-9. Summary. The observations of P and S at short distances used 
in the construction of the Zéppritz-Turner tables have been seen to be 
consistent with the views expressed here concerning the structure of the 
upper crust. The methods of applying the variations of the times of trans- 
mission and the amplitudes of the displacement to give information about 
the velocities of P and S waves in the interior of the earth have been 
described. The most striking feature revealed is the presence of a central 
core, apparently liquid, with a radius rather more than half that of the 
earth as a whole, and with a sharp boundary. The derivation of reflected 
and transformed waves, and the suggested improvements in the adopted 
times of transmission of the waves, are described. 


CHAPTER VIII 
The Thermal History of the Earth 


“T know it’s something humorous, but lingering.” 
W.S. GILBERT, The Mikado. 


8-1. We have seen that the radiation from the surface of the earth 
when in a liquid state must have been intense enough to dispose of its 
internal heat, including the latent heat of solidification, in a few thousand 
years. The method of solidification is of some importance. So long as the 
whole was fluid the process was comparatively simple. The heavy materials 
of the iron core quickly settled to the centre and stayed there. Liquids 
in general contract and become denser as they cool, and the matter cooled 
at the surface by radiation quickly sank through the hotter liquid below, 
thus maintaining irregular convection currents and a continual supply of 
heat to the surface. It is probable, though not certain, that stirrmg by the 
currents would keep the whole of the rocky shell uniform in composition. 
The distribution of temperature can be estimated from thermodynamical 
considerations. If we consider unit mass of the substance, the inflow of 
heat satisfies the conditions 


dQ = dE + pdv =d (E+ pv) — vdp=c,dV + Madp......... (1), 


where F is the internal energy, v the volume, p the pressure, V the abso- 
lute temperature, c, the specific heat at constant pressure, and WV is to be 
found. The condition that d (EH + pv) shall be a perfect differential gives 


e (M+) = a ee (2), 
and the existence of [dQ/V, the entropy, gives 
Q (Cy 0 (uM 
2G) a (20) = een 2) 
Combining (2) and (3) we find 
M=—V - sae (4), 


where v is regarded as a function of the pressure and temperature, so that 
dv/oV is a/p, where a is the coefficient of thermal expansion by volume, 
and p the density. Now if no heat is gained by conduction (1) gives 


CV a 
dp Cc "ply Cevececece (5). 


v0 
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This gives the rate of increase of temperature on adiabatic compression*. 
In a fluid cooling by convection this relation is satisfied very accurately. 
If, further, x is the depth, 


Ripe our ) OP) tla) maar ie (6) 
dV gaV 
and ee ee Pe Re: (7). 


With g = 981 cm./sec.?, «= 2x 10-5 per degree, V = 1400°, c, = 0-2 
cal./gm. degree = 8 x 10° ergs/gm. degree, this gives dV/dxz = 3 x 10-6 
degree per centimetre or 0-3 degree per kilometre. The estimate is rough, 
but it will serve our purpose. 

During the liquid stage the vertical variation of temperature according 
to (7) would be maintained. If the gradient became greater, convection 
currents would increase in vigour and redistribute the temperature adia- 
batically; if it became less, convection currents would be damped down 
by viscosity, cooling would be confined to the top, and the gradient 
would steepen. The whole of the liquid mass would therefore cool 
together. 


8-11. The melting point of the material would depend on the pressure 
and therefore on the depth. The effect of pressure on the melting point is 


expressed by the equation 
Sta e a) (1) 


dp L\pi pr 
where V, is the melting point, LZ the latent heat of fusion, and p, and p, 
the densities of the substance in the liquid and solid states. Thus in a 


liquid layer 
aVy GVof, pr 
ae ( 1 a Paes (2). 


With the fairly typical values for silicate rocks V) = 1300°, L = 100 cal./gm. 
= 4x 10° ergs/gm., p,/p. = 0-9, this gives 3 x 10-5 degrees C. per centi- 
metre or 3° per kilometre. 


8-12. The important feature of 8-1 (7) and 8-11 (2) is that in a well- 
stirred fluid magma, while the actual temperature and the melting point 
both increase with depth, the melting point increases the faster. As the 
fluid cools, therefore, the melting point is first reached at the bottom, 
and solidification proceeds from the bottom upwards. Convective agita- 
tion in the fluid continues until solidification is complete; the rate of 
solidification is determined by the condition that the heat given out by 
the liquid at the bottom in solidifying and by the body of the liquid in 
cooling must supply the actual loss by radiation from the outside. 


* L. H. Adams, J. Wash. Acad. Sci. 14, 1924, 459-472. The factor p is omitted from 
Adams’s formula. 
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The iron core hardly affects these considerations. There would always 
be continuity of temperature across its boundary, but the difference of 
density is too great for convective interchange between core and shell, 
though convection currents would exist within both and would maintain 
conditions of the type 8-1 (7) or 8-11 (2) in each. The core and the shell 
would cool together until solidification began and stopped convection at 
the bottom of the shell. Thenceforward the core could cool only by con- 
duction through the solid, and further loss of heat from it became un- 
important. 


8-13. The inference that solidification proceeded from the bottom 
upwards was made by L. H. Adams, in the paper just cited. He called 
attention also to another consideration of importance in some connexions*, 
though not, I think, in this. The equation 8-1 (7) holds strictly only for a 
fluid agitated in such a way that no heat at all is interchanged between 
elements. In an actual fluid cooling by convection there is interchange of 
heat by conduction; also the viscosity of the fluid tends to damp out the 
agitation, and some means is required to maintain it against conduction 
and viscosity. Adams suggests that a viscosity of the order of 10” c.g.s. 
would suffice to prevent convective agitation, which would therefore cease 
when the liquid reached this viscosity, probably at a temperature appre- 
ciably above the melting-point. Cooling by conduction would replace 
convection at this stage; thus a layer still liquid, but too viscous to cool 
by convection, would surround the iron core, and would thicken with 
time at the expense of the mobile layer above. 

The viscosity needed to prevent convective agitation can be estimated. 
In a layer of depth H, with vertical temperature gradient 8, thermometric 
‘conductivity «, and kinematic viscosity v, convection begins when 

gaBH* — ) 
KV 
where is a number depending on the boundary conditions, but usually 
about 1000+. When the effect of pressure on the temperature is allowed for, 
6 must be replaced by the excess of the actual gradient over the adiabatic. 
With g = 1000, a= 2 x 10-5, x = 0-01, H = 2-5 x 108, B = 10-5, in C.g.8. 
Centigrade units, v would have to be of order 1076 cm.?/sec. to prevent 
convective agitation. This is a viscosity far greater than can be measured, 
and it appears that in a layer as deep as the rocky shell, with a tem- 
perature gradient appreciably above the adiabatic, convective agitation 
could be prevented only by a viscosity so great that the substance 
would be indistinguishable from a solid. Such a viscosity would pre- 
sumably be attained at a temperature very close to the melting point, and 


* See later, 145-148. 


t Rayleigh, Phil. Mag. 32, 1916, 529-546; Jeffreys, Phil. Mag. 2, 1926, 833-844; Proc. 
Roy. Soc. A, 118, 1928, 195-208. 
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therefore even if Adams’s suggestion is correct (as it probably is) convection 
would cease at a temperature gradient very near that given by 8-11 (2). 


8-14. The above discussion supposes that the material of the shell 
was originally thoroughly mixed, and remained so throughout solidifica- 
tion, that the gradients given by 8-1 (7) and 8-11 (2) were constant, and 
that there was no internal generation of heat. The first postulate is pro- 
bably true; most of the others are certainly false. The variability with 
depth of the quantities in 8-1 (7) is probably not serious. But the factor 
1 — p,/p. in 8-11 (2) probably varies considerably. A pressure of 1-2 x 104 
dynes/cm.?, which would be reached at a depth of 400 km., would increase 
the density of solid dunite by about 10 per cent. The compressibility in 
the liquid state is presumably greater, perhaps double, and the difference 
in density at atmospheric pressure is unlikely to exceed 10 per cent. 
Therefore if the difference in compressibilities is maintained to high pres- 
sures the difference in densities in the solid and liquid states will be 
annihilated at adepth of a few hundred kilometres, and the effect of pressure 
on the melting point will disappear also. It is more likely that the com- 
pressibilities become nearly equal, and that the solid is always denser than 
the liquid, but in any case dV,/dx at great depths is much less than at 
the surface. If, as is quite likely, it is less than the adiabatic gradient in 
the liquid, the cooling liquid will reach the melting point first at an inter- 
mediate depth, probably of some hundreds of kilometres, and will begin 
to solidify there. Above this level solidification will proceed as if from the 
bottom. But below it the escape of heat can only occur by conduction 
through a steadily thickening solid layer, and a thick liquid layer will be 
preserved for a long time. 

The separation of the granitic and intermediate layers of the crust 
must be taken into account; so must radioactivity in the rocks. After the 
upper layers separated convection could proceed only within each layer 
separately; currents rising all the way from the boundary of the core to 
the outer surface would no longer be possible. In the more constricted 
conditions of the upper layers the reduced value of H would cause con- 
vection to stop at a much lower viscosity; for H = 30 km. and a difference 
of 30° between the top and bottom, the critical viscosity is about 101% 
em.2/sec.* But as the consolidation points of olivine and granite differ 
by some hundreds of degrees it seems that the granite would remain 
entirely liquid till after the lower layer had begun to solidity. 


8-2. Radioactivity is a more serious consideration. It has been ex- 
plained already that radioactive elements in their degeneration liberate 
helium. This comes off in the form, not of neutral helium atoms, but of 

* For comparison we may remark that the viscosity of water is about 10~°; olive oil 


at 15° C., 1; Lyle’s golden syrup, 10°; shoemaker’s wax, 10°; pitch at 15°, 101°; plate glass, 
over 1018 in the same units. 


142 The Thermal History of the Karth 


a particles, which are helium atoms without their two outer electrons. The 
velocities of emission of these particles have been measured. It is found 
that all @ particles emitted by the same element have the same velocity. 
The number emitted per second per gram of radium can be found by direct 
counting, and the mass of an @ particle is known. Hence the total mass 
and the velocity of the particles emitted are known, and therefore their 
kinetic energy can be found. Again, it has already been explained that 
in any actual rock the quantities of all the radioactive substances present 
are such that the same number of atoms of each break up every second. 
Hence if we know the amount of any one radioactive element in a rock 
we can find the rate of production of @ particles by each member of the 
series. The velocities of the a particles from all members being known, the 
total kinetic energy of those from each element can be found, and hence 
finally if the quantity of any one radioactive element of the uranium 
series in arock is known, the kinetic energy of all the a particles emitted per 
second by all the members of the uranium series present can be calculated. 


8-21. Now in an actual rock an emitted a particle cannot proceed far 
before it is stopped by the surrounding material. Its kinetic energy then 
becomes converted into heat. Thus the presence of a known quantity of 
radioactive materials in a rock enables us to infer the rate of supply of heat 
to that rock. Indeed, one of the first facts noticed about radium was that 
its temperature was always a trifle above that of its surroundings. The 
result is that for every gram of uranium present, uranium and its products 
produce 8-0 x 10-5 calories per hour. This result requires to be increased 
somewhat to allow for the fact that a particles are not the only form of 
radiation from radioactive substances. In addition they send out £ par- 
ticles, which are free electrons, and y rays, which are electromagnetic 
waves closely resembling X-rays. The energy liberated by the absorption 
of these in the medium is enough to increase the estimate just mentioned 
to 8-5 x 10-° calories per gram per hour. An important check on this was 
provided by H. H. Poole, who filled a Dewar flask with pitchblende, kept 
the outside at a fixed temperature, and determined the ultimate steady 
difference of temperature between the inside and the outside by means 
of athermocouple. He found the total rate of emission to be 10-4 cal./gm.hr. 
The measurement was, however, one of extreme difficulty, because the 
difference of temperature involved was only 0°-007. An additional check 
on a part of the work has been provided by the measurements of Rutherford 
and Robinson, and St Meyer and Hess, of the heat emitted by radium 
and its degeneration products. This agrees with the value calculated from 
the properties of the emitted rays within at most 1 per cent.* It therefore 
seems that the calculated generation of heat by radioactive elements must 
be very accurate. 


* Lawson, Nature, 119, 1927, 277 and 703. 
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The rates of generation of heat by uranium and thorium, with their de- 
generation products, are respectively 2-5 x 10-8 and 0-72 x 10-8 cal./gm.sec. 
Potassium also is radioactive, but very feebly so. Its decay constant 
is certainly large compared with the age of the earth, and it produces* 
about 3-9 x 10~™ cal./gm. sec. But it is so abundant in comparison with 
uranium and thorium that in aggregate output of heat it is comparable 
with them. The actual amounts of radioactive elements present in rocks, 
even of the same type, are variable. Thus in two series of granites, 22 
specimens in all, examined by J. H. J. Poole and J. Jolyt+, the largest 
radium content was six times the lowest, and the largest thorium content 
twelve times the lowest. Nevertheless representative values can be found 
with reasonable care. The following values are partly from a discussion 
by Holmes and Lawson{, and partly directly and partly indirectly from 
the above work of Poole and Joly. Data for potassium in diorites, basalts, 
and dunite are from Clarke’s Geochemistry. The value for potassium in 
basaltic rocks is a mean for eight gabbros. Effusive basalts may have much 
more potassium. Poole and Joly used only two specimens of dunite, which 
were, however, very similar. 


Rock type U Th Ke" Total 
: j Content DOE LOre 20-07 10-8 SU SEO? 
Granite \ Heat generation 22:0 x 1074 14:0 x 10-4 13-0 x 10-4 49 x 10-4 
Diorite, { Content 6-6 x 10-6 CAR Ome? 2 105 
andesite, etc. |Heat generation 16-5 10-4%# 44 x 10-14 85 x 10-4 29 x 10-14 
Basalt,dolerite, / Content 370 lOn® CH SO’ 0-76 x 10-2 
gabbro | Heat generation 8-7x1074 5-5 x1074 2-9 x 10-14 17 x 10-14 
Plateau Content De xe Oe 5:0 x10 0-80 x 10-2 
basalt Heat generation 551074 3:6 x10-4 3-1 x10 12 x 10-4 
: Content 1-4 x 107% 1:0 x 10-* 0 
WAS leas generation 3:-5x10-4 0-7 x10-4 0 4 x 10-4 
: Content 1:0 x 10-8 0-53 x 10-§ 0-44 x 107-2 
Belogite they generation 2-5x1074% 0-4 x10-4 1:7 x1074 5x 10-4 


The contents of the elements are in parts by weight; the rates of generation 
of heat are in calories per second per gram of rock. If we allow for the 
densities of the rocks, we have the following rates in 10-!2 calorie per 
second per cubic centimetre: Granite, 1-3; diorite, etc., 0-83; basalt, etc., 
0-50; plateau basalt, 0-36; dunite, 0-13; eclogite, 0-17. 


8-22. The importance of radioactivity in rocks was first pointed out 
by the present Lord Rayleigh in 1906§, following up some less detailed 
work of Rutherford. The average vertical gradient of temperature in the 
earth’s crust near the surface is about 30° per kilometre. The rate of transfer 


* Holmes and Lawson, Phil. Mag. 2, 1926, 1218-1233. 
7 Phil. Mag. 48, 1924, 819-832; 3, 1927, 1233-1252. 

t Phil. Mag. 2, 1926, 1218-1233. 

§ Proc. Roy. Soc. A, 77, 1906, 472-485. 
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of heat across unit surface is the temperature gradient multiplied by the 
thermal conductivity ; the latter, in the sedimentary rockswhere the gradients 
have actually been measured, is probably about 0-008. Thus the rate of 
transfer of heat outwards to the surface is about 2-4 x 10-§ cal./cm.? sec., 
and this would be supplied by the radioactivity of 18 km. of granite, 
with modern data. (The efficacy of thorium and potassium had not 
been estimated when Rayleigh wrote.) Of the various possible ways 
of reconciling the known radioactivity of rocks with the gradient of 
temperature in the crust, the most probable seemed to be that the 
radioactivity was confined to a surface layer with a thickness of the order 
of tens of kilometres. No satisfactory alternative to this hypothesis is 
known, while several other lines of evidence support it. First, the geo- 
logical and seismological evidence indicates a passage from granite to dunite 
or eclogite within a depth of some tens of kilometres; and from the known 
radioactivities of these rocks we should infer a reduction of the generation 
of heat to a tenth of its surface value within just such a transition. 
Second, granite sometimes appears to have been fused several times at 
some depth, and to have risen towards the earth’s surface. In such cases 
we obtain samples of the upper layers of the magma at later and later 
stages; and it is found that the radioactive constituents are more abundant 
in the later specimens, indicating that the upper layers become enriched 
as time goes on. Thus Holmes quotes* the following contents by weight for 
Finland granites of decreasing age. 


Ra (x 10-2) Th (x 10-5) K (x 10-2) 
A 2-36 0-87 2-51 
Band C 4-60 2-67 3-61 
D 6-21 5-85 5-06 


Third, it can be shown easily that if the deep layers were as radioactive 
as the upper ones, the rocky shell could never have solidified; and the 
seismological evidence is perfectly clear that it is solid. 


8-3. We can now return to the effect of radioactivity in the earth 
during its early history. The total output of heat from radioactive 
sources will not have varied greatly during the existence of the earth, and 
part of the heat conducted out of the earth at present is original heat, a 
relic of its former heated state. Thus the supply of heat to the surface from 
radioactive sources can never have been more than about 2 x 10-8 calorie 
per square centimetre per second. On the other hand the earth receives 
from the sun about 7 x 10-? cal./cm.* sec., and even at its present moderate 
temperature it radiates this away as fast as it receives it. It appears that 
radioactive heating can never have had any noticeable effect on surface 
temperatures. Further, so long as the earth remained liquid at the surface, 
the loss of heat was so rapid that radioactivity cannot be supposed to have 


* Geol. Mag. 63, 1926, 317-318. 
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influenced the course of solidification, But as soon as viscosity became 
great enough anywhere to stop convection currents radioactivity became 
a controlling influence. The equation of conduction of heat is 

PON ee: (a VP UNG Sor FOO . 

Poe = an (b ae) + 3p (i ay ) i oe (t=) T Jk Bivisia:ecls'ere (1), 
where V is the temperature, p the density, c the specific heat, & the thermal 
conductivity, and P the rate of generation of heat per unit volume. If 
we neglect the curvature of the earth and take the axis of x vertically 
downwards, we can omit the derivatives with regard to y and z. Further, 
if the value of dV,/dx given by 8-11 (2) is maintained to great depths, and 
the conductivity is uniform, we have 

pea, 2 (=) Lp a' Sote tages (2), 


ot ox \ ox 


and the first term on the right is zero if @V,/éx is uniform. Thus the solid 
is heated up by radioactivity as if no conduction was disturbing the 
process*. The neglected factors seem unlikely to be important. The 
inference is that if convection currents were stopped radioactive heating 
would at once step in and raise the temperature till they started again; 
and if the temperature were high enough for them to exist the new heat 
would be carried up as fast as it was generated. It seems in fact that the 
effect of the heating in this case would be that the interior, instead of 
cooling till its viscosity was high enough to prevent convection currents 
entirely, would cool slightly less, till the viscosity was high enough to 
prevent all convection currents except the very feeble ones needed to carry 
off the new heat. 

If the solidification took place first at intermediate depths, the upper 
portion would cool in the way just described, but how much of it could 
actually solidify would depend on whether it could conduct away as much 
heat as was generated below it. In any case the lower portion was still 
thoroughly liquid when the intermediate one stiffened, and could convey 
any new heat upwards as fast as it was produced. Thus the liquid adiabatic 
gradient would be maintained at great depths until the matter that solidified 
first had cooled far below its melting point; if indeed this ever took place. 


8-31. The seriousness of the last proviso is seen when we consider the 
flow of heat in the ultimate steady state. The rate of increase of tem- 
perature with depth near the surface, as we have seen, is about 30° per 
kilometre. This gradient is enough to carry off the radioactive heat as 
fast as it is produced, and also some original heat. When the thermal 
state is steady the rate of flow of heat out of any sphere must be equal to 
the rate of generation of heat inside it. When radioactive substances were 
uniformly distributed through the rocky shell, the rate of generation 


* My attention was recently called to this feature by Mr C. H. Waddington. 
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within, say, 100 km. of the surface was a small fraction of the whole, and 
the gradient of temperature down to this depth was nearly as at the 
surface. Hence the temperature 100 km. down was 3000° C., far above 
the melting point of any conceivable rock. This result is obtained on the 
hypothesis that the transfer of heat down to that depth is by conduction, 
and the temperature found is such that the transfer at it must be by 
convection. The conclusions contradict the hypothesis, and we must 
suppose that if the internal generation of heat was no greater than now, 
but uniformly distributed, the rocks below a depth of 50 km. or so could 
never have solidified. Whatever the mechanism of the original cooling, 
the heat generated internally was so abundant that it could not be con- 
ducted out without temperatures above the melting points of rocks, and 
permanent fluidity would be maintained except in a thin crust. Below 
this the viscosity might be high, but not high enough to prevent the new 
heat from being carried up by convection currents, and the temperature 
could never fall to the melting point. 


8:32. With such an origin as we have supposed, the earth’s rocky shell 
must have been nearly uniform in composition originally. On the other 
hand the radioactive substances are now strongly concentrated towards 
the outside. The change is to be attributed to such a process as Holmes 
has indicated for the granites of Finland. So long as convection went on, 
the tendency of the radioactive elements to move upwards was effective. 
As they collected towards the top they left the lower layers impoverished, 
and the transfer could only stop when the temperature gradient at all 
depths had become so low as to permit solidification. This implies that the 
concentration would ultimately be almost complete. 


8:33. It has been said that an upward concentration of radioactive 
elements is unlikely, and that they would tend to collect at great depths _ 
on account of their high densities*. But density is far from being the only 
factor that affects the vertical distribution of the constituents of a fluid, 
and it is probably unimportant when the relevant constituent is too small 
in quantity to affect the density of its solvent appreciably. Differences of 
solubility of radioactive materials in the various layers might be important. 
Holmes’s suggestion} that volatile materials expelled from the lower layers 
carry the radioactive matter upwards by a sort of process of steam dis- 
tillation seems, however, to be the best constructive attempt yet made 
to account for the facts. It has been pointed out by Astont that the inert 
gases play an extraordinarily small part in the constitution of the earth 
as a whole; their amounts are of the order of a millionth of those of other 


* Schuster, Bronson, A. S. Eve and F. D. Adams (Nature, 76, 1907, 269), have 
shown that radioactivity is not affected by temperatures up to 2500° C. or pressures up 
to 2-6 x 10! dynes/em.? The latter corresponds to a depth near 80 km. 

t+ Geol. Mag. 1915, 64. t Nature, 114, 1924, 786. 
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elements, even rare ones. This ig explicable if we suppose that the primitive 
fluid earth was too hot to retain an extensive atmosphere. The inert gases, 
having no possible resting place except in the atmosphere, would escape 
from the earth’s influence. So would more active gases that could not 
readily form compounds or solutions able to retain them at magmatic 
temperatures. It is significant in this connexion that rock analyses show 
an amount of oxygen almost exact] y enough to combine with all the other 
constituents. The present ocean and atmosphere must then have been 
originally entirely contained within the primitive magma. We should thus 
expect the water to have been originally fairly uniformly distributed in 
the rocky shell, and to have been extruded from it during solidification. 
But the solidification must have taken place at a temperature far above 
the critical temperature of water (365° C.), so that the water separated 
in the form of steam. The steam, rising to the surface, would carry up 
with it any compounds volatile at magmatic temperatures. Uranium and 
thorium actually have volatile halogen compounds*. 

It has been found experimentally that at high temperatures and 
pressures water and silicates are miscible in all proportions, and if the 
present ocean was volatilized it would produce the required conditions for 
perfect mixing, as Dr J. W. Evans has pointed outt. From this argument 
alone we must suppose that most of the ocean was once within the earth. 


8:34. To sum up, the solidification of the earth probably proceeded 
as follows. So long as the whole was liquid, cooling was nearly uniform 
throughout, the temperature gradient being the liquid adiabatic. The next 
stage would depend on whether the rise of melting point with pressure 
remained uniform down to the bottom of the rocky shell, or decreased 
considerably in the first few hundred kilometres. (The melting point in 
this connexion definitely means the temperature that makes the viscosity 


- high enough to prevent convection currents ; but this viscosity is so great 


in masses of planetary size that the temperature would be indistinguishable 
from the melting point as usually understood.) In neither case would 
cooling in the first stage quite reach the melting point anywhere, but it 
would reach a temperature just sufficiently above it for convection currents 
to be able to carry off the radioactive heat as fast as it was generated, 
and the difference would be insignificant. This state would be reached 
first at the bottom of the rocky shell in the former case, and at an inter- 
mediate depth in the latter. Cooling from the surface then made the quasi- 
solid layer extend up to the surface within a few thousand years. If the 
first layer to stiffen was an intermediate one, a thick la yer of liquid would 
be trapped below it, and could only cool very slowly, if at all. 

When the surface layers became stiff the diminished convection cut 
down the heat supply from below so much that the term perature sank to 


* Cf. Geol. Mug. 63, 1926, 524.  Observotory, 1919, 165-167. 
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near its present value in a time comparable with that needed for a red-hot 
coal to become capable of being handled. Cooling by conduction then 
tended to spread downwards to such a depth that the temperature 
gradient in the truly solid part was enough to carry off the radioactive 
heat and the liberated latent heat. This depth was probably of the order 
of 50 km., and at this stage a permanent steady state would have been 
reached if the radioactive materials had been able to maintain their 
uniform distribution. But the separation of the granitic and basaltic 
layers, and of the oceanic water, began about this time, if not earlier, and 
carried the radioactive elements upwards until they were so concentrated 
_ towards the top that convection below was no longer necessary to carry 
off the new heat. The time needed for this to happen is quite uncertain. 
Further cooling from the top would lead to thorough solidification. 


8-4. We can now proceed to consider the cooling of a solid crust. 
Anticipating the result that cooling has by this time become considerable 
down to a depth of the order of 200 km., we can suppose the depth affected 
great compared with the thickness of the radioactive layer and small 
compared with the radius of the earth. The latter condition entitles us to 
treat the problem as one of flow of heat in one dimension, as for the 
cooling of a flat plate of infinite depth by radiation from the surface. The 
equation of heat conduction 8-3 (1) can therefore be taken in the form 

0 0 
pc = x(k om) fps 2) pave (1). 

From the former condition we can suppose that all the matter concerned, 
except the relatively thin surface layers, is non-radioactive. Further, our 
seismological evidence gives us grounds for assuming that there is no 
serious change in the physical properties between depths of 30 km. and 
1200 km., so that assumptions of uniformity below the radioactive layer 
are eee Thus k, p, and ¢ will be taken constant at great depths. 
Also the initial temperature will be taken to be S + ma, where S is the 
melting point of deep-seated rocks at ordinary pressures and m is the 
increase of melting point per unit depth given by 8-11 (2); m also will be 
assumed constant at present. 

If we take simply V = me (2), 


eee eeeee 


equation (1) is satisfied already below the radioactive layers. Near the 
surface we can take 


OV 
k — = kins Me ot CWP eae hoes (3), 


where k, is the conductivity at great depths; and now 


wall 
V=km | a 4+ CONStan GS | eee (4) 
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If we determine the constant so as to keep (2) true below the radioactive 
layers, we have at all depths a complementary function 


V= ma +m” (1-7) ae eas Sates (5) 
TOE a ee Ee oe a (6). 


When allowance is made for the presence of the term P, a solution of (1), 
independent of the time, is given by 


of eel Sa 
bo = [ Papa. al ie) a aati (7), 
whence V =|" i TO Tae sain) etl Up oegtenee, (8) 


is a solution of (1). V, + V, satisfies (1) completely, but not the initial 
conditions. If we write 


V= Vi + Ve+ Va eocccecee (9), 
we have peat 2 ( =) see aes (10). 
oO ly fe co) 
When ¢ = 0, ¥,=S—m| ( — Zp) av —| al Pinie ae (11). 
4g 0 x 


The third term on the right of (11) is a constant below the radioactive 
layer. For | Pdzx is zero when x is greater than the thickness of this 
“x 


layer, and the double integral is equal to i = | i Pdadx = 8, say. The 
0 x 


second term is zero below the radioactive layer. Thus initially 
Vee SS es vel. lal ery eons (12), 


where a is a quantity differing from zero only within the radioactive layer. 

There is no reason to suspect any systematic change of temperature 
at the outer surface demanding recognition, so we shall adopt a uniform 
surface temperature as our zero of temperature. Thus V = 0 when x = 0 
andt> 0. V, vanishes at x = 0, and thus when x = 0 


Va=—Vi=—m]" (1-7) de= 8, Petree (13) 
: k 


say. The conditions satisfied by V, are such as to specify a new problem, 
namely that of the cooling of a mass with no internal generation of heat, 
and initial temperature S — 8, + a, after the temperature at x = 0 has 
been suddenly reduced to the value in (13) and maintained there. The 
effects of the term in « are negligible, for the heat it represents would be 
quickly conducted to the surface and lost. In general, in fact, we can 
neglect the thermal capacity of the upper layer. Thus in this layer we can 
take 
0 


Vy 
k ae = COUSlANG =" B> yo (14) 
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say. Thus when « is a small fraction of 200 km., 


= se [AF ae 


=8,+pe—pf (1-7) ae Tea (15). 


Thus if 0V,/dx is equal to B just below the upper layer the corresponding 
values of V, at any time are such that linear extrapolation would make 


V; equal to S, at depth S Z 
Xs =| (a -- a dx. 
0 


We now introduce the thermometric conductivity 


WP [CB |) ge eee (16), 
and denote h in the lower layer by h,. The solution in the lower layer is 
eee ne ee L— Lo 
Vi 8S Sh eS (1 Erf Fae ep: (17), 
where Erf is the error function, defined by 
Oe PEL 
Erf u = | Cade) I Sieaecers 18). 
‘ Vir} 0 pe 


Itcan be verified by direct differentiation that (17) satisfies the differential 
equation (10). When w is large Erfw is nearly 1, and V; = S — S,; thus. 
cooling does not affect matter at depths great compared with 2/,t2; and 
also V; is equal to S — S, when ¢ is small, as it should be. Finally we have 


V, = (S — &,) Ert a - +8, (a _ Ef 2 >) ron (19), 
so that the gradient of V3 is such that when x — a is small extrapolation 
to «= x, would make V; equal to S,. Thus (17) or (19) is the required 
solution. In the lower layer we therefore have 


V=V,+ V+ Vz 


=mx+8,+ V3; 
= mex + 8 Ert2—% 4 (g,4 8 (1 — Ef) ele: 20). 
2h, tt Poa ” Chath (20) 


In the upper layers V can be found from (6), (8), and (15). We need 
chiefly, however, only the gradient of V at the surface. This is 


aS i hep k Ay 
: —=mit+. Pad: = Sean Say aoa Odac 2 
& 1a m =. +5), wr at 0 Due itt (21). 


8-41. Numerous exact solutions of problems of the cooling of the 
earth’s crust have been given*, but close approximations to all of them 


* Ingersoll and Zobel, Mathematical Theory of Heat Conduction, 1913; Holmes, Geol. 
Mag. 1915, 102-112; L. H. Adams, J. Wash. Acad. Sct. 14, 1924, 459-472; Jeffreys, Phil. 
Mag. 32, 1916, 575-591; Proc. Roy. Soc. A, 100, 1921, 122-149; Gerlands Beitrige, 18, 1927 
1-29; Operational Methods in Mathematical Physics, 1927, Chapter V. 
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can be made on the hypotheses of the last section, and within the limits 
of accuracy of these approximations the present solution includes all 
previous ones. The actual datum is provided by equation (21), for 
(OV /0x),-9 is the vertical gradient of temperature observed in mines and 
borings, and (21) is practically an equation to determine {[Pdx. Unfortu- 
nately reliable data concerning the fundamental quantity k are scanty, 
though they could be obtained easily. The temperature gradient is nearly 
always measured in the sedimentary rocks at small depths, and therefore 
the conductivities of these are required. Conductivities of sedimentary 
rocks are given in some of the standard tables, but these refer to dried 
specimens, and the conductivities of the rocks in situ, containing their 
natural moisture, are probably considerably greater. If the conductivities 
of the rocks of the mines and borings where the crustal temperature 
gradients have been measured were determined in the laboratory, care 
being taken to preserve the original moisture, the utility of the existing 
temperature gradients would be considerably enhanced. Dr Ezer Griffiths 
has pointed out to me privately that it would be even better to measure 
the conductivities of the rocks while still in situ, which would be quite 
possible. Kelvin* gives 0-00001149 for the conductivity of sandstone in 
situ, equivalent to 0-010 in c.g.s. units. That of granite is about 0-006; 
we shall take that of a typical sedimentary rock as 0-008. For basalt and 
dunite we take k = 0-004. With the latter datum, combined with a specific 
heat of 0-20 and a density of 3-3, we find h,? = 0-006. The gradients of 
temperature at the surface vary from place to place, but a good average 
value is 0°-00032 C. per centimetre, or 32° per kilometre. With S = 1400° 
and t = 1-6 x 10° years = 5 x 1018 sec., the first term on the right of (21) 
is 2°-0 per kilometre, and the third is rather less than 2° per kilometre. Thus 


| Pdx = 0-008 x 28-0 x 10-5 = 2-24 x 10-® cal./em.? sec. (22). 
0 


If we assume on the basis of the seismological evidence that the inter- 
mediate layer is twice as thick as the granitic one, and neglect the radio- 
activity of the sedimentary and lower layers, which is certainly small, 
we have from the data in 8-21, 


(es Pdz = 1-3 x 10-" H + 0-36 x 10-2 x 2H = 2 x 10-"A (23), 
0 


where H is the thickness of the granitic layer in centimetres. Comparing 
this with (22) we have 

CEA arck, VO Ee eer rc ac (24). 
Thus the thermal evidence corresponds to thicknesses of 11 km. and 22 km. 
for the granitic and intermediate layers respectively. These are in satis- 
factory agreement with the results derived from the study of near earth- 
quakes and Love waves. 


* Phil. Trans. Roy. Soc. Edin. 1860, or Scr. Papers, 3, 289. 
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8-411. After Rayleigh’s result that the earth’s thermal output could be 
maintained by a thickness of average granite measured in tens of kilometres, 
the next great advance in principle was by Holmes, who adopted Ingersoll 
and Zobel’s solution for the cooling of a crust containing radioactive matter 
distributed according to the law 


PA 6 eee ee et nce sce ae (25), 


where A and a are constants. In this case [Pdx is A/a, where A is the 
heat output of average granite. Then the equation corresponding to (21) 
determined a and hence the decline of radioactivity with depth. The present 
writer, on the supposition of a uniform granitic layer with no radioactivity 
below, afterwards used the thermal method to estimate the thickness of 
this layer. On either hypothesis the reduction of radioactivity with depth 
was such as to indicate that average granite did not exist below about 
15km. L. H. Adams returned to the exponential distribution, allowed for 
variation of conductivity in the upper layers, and introduced the approxi- 
mation equivalent to neglecting the heat capacity of the upper layers. 
It is now possible to bring the theory into close accord with the results 
of seismology. 


8412. We have when H < x< 3H, 


and when « < H, 


[Pde = 0-9 x 10-19(3H — 2) (26), 


[" Pde = 0-°(2.x 10-798 SoS << 102 ee) (27), 
: [° Pa = 1-2 x 10° H+ 2-2 x 101 (He) essen (28), 


where k has been taken equal to 0-004 and 0-006 in the intermediate and 
upper layers respectively. Hence 


x {le 
V, =| . Pde de= 3:4 4107 He = Isl x 10 eee So, (29) 
0 “2X 
= 2-3 x 10-10H2 «=H, 
and 
V, = 2:3 x 10-10H? + 1-8 x 10-°H (« — H) — 0-45 x 10-20 (x — H)2 
He SASL Oe OM. Reet One (30) 
= 41 x 10-0772 Ga Sa) ee (31) 


With our value of H, V, is equal to 280° at the foot of the granitic layer 
and 490° at that of the intermediate layer. The latter quantity is our 8). 


: 2 k 
Again, Xy = @ _ ‘) d. 
te} 0 Jo k ME de ne GR imiecoatercens (32). 


Variations of Temperature Gradient 153 


With our data the integrand is zero except in the granitic layer, where 
it is 4. Hence a = 4km. approx. Also 


Sy erie eee ha Me Poe venesa fas (33), 
and 2h,tt = 340 km. 
In all, then, V = mx + 480° + 920° Erf adie a oar (34), 


where x — a, is now to be measured in kilometres. m is 3° per kilometre. 


8-42. The correctness of this solution depends on the data, and it is 
desirable to pay some attention to the possibility of important changes 
in them. The fundamental principle is that the vertical gradient of tem- 


1” 
perature near the surface is equal to i. Pdz, apart from the terms in m 
Uv. 0 


and S — S,, which are small enough to be treated as corrections. The 
heat generated in the radioactive layers practically determines the outflow 
from the surface. Three factors clearly affect the observed gradient: the 
conductivity of the sedimentary rocks where the gradient is measured; 
the radioactivity of the local rocks; and the vertical distribution of the 
radioactivity. All of these vary from place to place, and in the circum- 
stances it is curious that the observed gradient varies so little. Thus Daly* 
gives the increase of depth corresponding to a rise of temperature of 1° C., 
for 18 stations in Europe and 14 in North America; those for Europe range 
from 27-4 to 37-8 metres, with an average of 31-7 metres, and the American 
ones from 35-7 to 53-7 metres, with an average of 41-8 metres. Apart from 
the systematic difference between Europe and America, which is hardly 
surprising, the range in each continent is only in the ratio of about 2 to 3f. 

In the paper by Poole and Joly already quoted 13 Finland granites 
and 9 Hebridean ones are tested. The means for the two regions are as 
follows: 


Ra Heat evolution Th Heat evolution 
Finland 4-7 x 1072 B 6. 10m? 2-9 x 10-5 2-1 x 10-8 
Hebrides 18x 10-2 1-4 x 1054 Tear Ome 0-8 x 10718 


The units are as in the table on p. 143. Allowing in each case an extra 
1-3 x 10-* calorie per gram per second for potassium, we have the totals 
7-0 x 10-4 for Finland and 3-5 x 10-% for the Hebrides. The heat gene- 
rations of the granites in these two regions differ systematically as 2 : 1, 


* Our Mobile Harth, 1926, 112-113. 

+ Temperatures in borings in South Africa have been discussed in relation to the 
conductivity of the rocks traversed, by H, Pirow, J. Chem. Metallurg. and Mining Soc. 
of South Africa, 25, 1924, 66-85. The gradient in granite at Dubbeldevlei was 22° 
per kilometre, distinctly less than European values; but the interpretation of the 
difference would require more borings and determinations of radioactivity in South 
Africa and more determinations of conductivity in Europe. 
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apart from variations within the regions themselves. The estimate given 
by Holmes and Lawson was a general mean over the earth. 

The thickness of the granitic layer probably varies considerably within 
the continents; beneath mountainous regions it may be twice as thick as 
beneath plains. The conductivity of the surface rocks varies by an 
unknown amount. Yet the temperature gradient near the surface, though 
depending on all these three factors, varies within a continent only as 2 : 3. 
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Fig. 13. Distribution of temperature with depth. The straight line represents the 
function S + mx. 


It seems to me that this comparative constancy can be attributed only to 
a correlation between the determining factors. Some of the variation in 
(OV /ox),..9, that is, is to be attributed to variation in conductivity, and 
the rest to variation in fPdx; but the latter integral varies less than either 
the thicknesses of the upper layers or the radioactivity of the accessible 
granites separately. The difference between Finnish and Hebridean 
granites, on this view, would be attributed to greater concentration of 
radioactivity to the top in Finland, and would not necessarily imply much 
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difference in the total amount. The radioactivity of the average granite 
of the upper layer would then be expected to be less than that of the 
' Hebridean granites, whereas the standard value of Holmes and Lawson 
is rather more (4:9 as against 3-5). On the other hand we cannot suppose 
average granite less radioactive than even surface diorite, and Holmes and 
Lawson’s value, if excessive, is not likely to be so by as much as 30 per 
cent. of itself. The value adopted here for the intermediate layer is theirs 
for plateau basalt; the great outflows of the Deccan and other regions, 
covering areas of the order of 10° square kilometres, are considered by 
them to be more representative of basalt in depth than the ordinary 
intrusions, which may have been enriched on the way up. The plateau 
basalts have lower radioactivities than ordinary ones; if the latter are 
really typical of the intermediate layer, this layer is more radioactive than 
we have assumed. On these two grounds the calculations made here may 
need alteration, but they act in opposite directions, and if they are both 
adopted the estimated thicknesses of the layers will remain nearly as 
before. 

The determinations of the radioactivity of dunite and eclogite cannot 
be expected to be directly applicable to the lower layer, for neither of 
these rocks, as it occurs at the surface, is in its primitive form. With 
regard to dunite, N. L. Bowen* has given reasons to believe that many 
rocks near the surface containing much olivine are not formed by the 
solidification of a lava of the same composition, but by the crystallization 
of olivine from a lava of basaltic composition. The solid olivine settles to 
the bottom, where it forms an ultra-basic rock such as dunite or peridotite. 
The interpretation to be put on the low radioactivity of dunites exposed 
at the surface is therefore that in the crystallization of such a magna 
little of the radioactive matter present associates itself with the olivine. 
So far as it goes it confirms the opinion that the radioactive elements 
tend towards the top, but does little else. 

Eclogite appears to be usually derived from: rocks of basaltic com- 
position by metamorphism at high pressures. As was pointed out by 
Fermor, the fact that its constituents all have high densities would favour 
its being the form assumed under such conditions. In addition some 
eclogites are probably formed by the direct crystallization of a basaltic 
magma at great depths. But in either case its low radioactivity is difficult 
to understand: the original basalt or basaltic magma should have had the 
radioactivity of an ordinary basalt, and no way of losing it is provided. 
The question does not, however, seem to be of importance in our present 
problems. 

Whatever the lower layer may be made of, its radioactivity must be 
inappreciable; otherwise it could never have solidified, and the tem- 
perature gradient in the crust would be greater than is observed. If it is 


* Am. J. Sci. 14, 1927, 89-108. 
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eclogite, the surface basalts and gabbros formed from it must be sup- 
posed to have been enriched in radioactive matter in their ascent. 

Holmes’s hypothesis that the intermediate layer is diorite would imply 
smaller thicknesses of the layers, perhaps too small to agree with the 
seismological evidence, unless indeed deep-seated diorite is no more radio- 
active than ordinary basalt. The opinion of the continental seismologists 
that the upper layer is about 60 km. thick could be reconciled with the 
thermal data only if the radioactivity of average granite down to that 
level was under a quarter of that of average surface granites, that is, 
under that of plateau basalt. 

It appears therefore that the thermal argument concerning the struc- 
ture of the upper layers is probably trustworthy within, say, about 20 per 
cent. In comparison with the seismological methods it suffers from the 
defect of giving only one datum, and therefore cannot by itself determine 
the thicknesses of the two upper layers separately. The uncertainty of 
its results in other respects appears to be comparable with that of the 
methods based on near earthquakes and surface waves; the results are 
of course consistent. It is capable of much wider application than it has 
yet received. One would like to know, for instance, whether the lower 
temperature gradients observed in North America are due to higher con- 
ductivity in the sedimentary layer, or lower radioactivity or smaller 
thicknesses of the upper layers. All these possibilities could be tested 
without great difficulty, certainly much less than the establishment of the 
requisite number of reliable seismological stations would require. 


8-43. The estimates of the temperatures within the earth are affected 
by additional uncertainties, because they are largely determined by the 
quantities m, S, and S,. In our calculation m has been assumed constant, 
but actually it may decrease appreciably in the first 500 km. But in any 
case m is small and its variability can hardly produce an important flow 
of heat. The change of temperature since solidification will not be much 
affected by variation in m, and it is chiefly this change that will concern 
us, 

Sis the temperature of dunite when it acquired a viscosity great enough 
to stop convection currents, extrapolated to atmospheric pressure. In a 
pure substance with a sharp melting point S would be equal to the melting 
point. In a mixed rock, S is at most the melting point of the most fusible 
mineral; it may be lower than this, because mutual solution at the inter- 
faces between minerals may begin at a lower temperature than would 
melt any constituent separately. Similarly, when a magma cools, it is 
not stiff enough for our purpose until the last constituent is solid, and 
the relevant temperature may be rather low, on account of the presence 
of volatile constituents, especially water. As successive minerals crystallize, 
the volatile compounds tend to remain in the magma, and may lower its 
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melting point considerably. The usual (not universal) order of crystalliza- 
tion appears to be that expressed by H. Rosenbusch*, namely, ores and 
oxides first, then the ferromagnesian minerals (olivine, augite, etc.), then 
the felspars, and lastly quartz. The existence of silica in the form of quartz 
in granite indicates that the rock crystallized below 800° C.; in some rocks 
(not ordinary granites) the form of the quartz indicates} that it actually 
crystallized below 575°. The maintenance of quartz in the liquid state far 
below its normal melting point is to be attributed to the concentration 
of the volatile constituents in it. But when a granitic magma solidifies 
near the surface these constituents are expelled, and when it is heated 
again it does not soften below a temperature of 1150° or so, becoming 
liquid about 1240°. Basaltic material behaves similarly; Dayt estimates 
that the Kilauea lava preserves some mobility down to about 600°, though 
when it has solidified it does not flow under its own weight till it is re- 
heated to about 1300°. Lower values, near 1000°-1100°, are given for 
other basalts. 

We have to consider how far such phenomena are relevant to our 
adopted value of S. It must be noticed first of all that the granitic and 
intermediate layers are together only about 30 km. thick, and that there 
is no sudden change of properties between depths of 30 km. and 2900 km. 
The presumption is that this lower layer is approximately uniform in 
character. Further, whatever its composition may be, there is so much 
of it that if the two upper layers were mixed with it a refined chemical 
analysis would be necessary to detect any difference. In fact if the lower layer 
is now a dunite, it was also a dunite in the earth’s earliest stages. S would 
then be the temperature when separation of olivine crystals from a dunite 
magma had gone so far as to make a coherent mass. The small amount of 
material left over when this was no longer an adequate description of the 
process may have formed the upper layers. The solidification of the lower 
layer is therefore determined by the crystallization of olivine from a nearly 
pure magma. Now J. H. L. Vogt§ gives the following temperatures when 
magmas of the respective types begin to deposit crystals: dunite, 1500°— 
1600°; gabbro, 1250°; diorite, 1200°; syenite, 1100°; granite, 1000°. The 
effects of admixture of small quantities of other substances on the melting 
points of several minerals are known||. The depression of the melting point 
per gram molecule of the solute per 100 grams of the mineral is about 
400° for orthoclase and 640° for anorthite. The solute being water, of 
molecular weight 18, the great reductions of melting point found for 
quartz in granites and other rocks must be taken to imply an amount of 


* Quoted by Clarke, Geochemistry, 1924, 308. 

17 Clarke, loc. cit. 363. t J. Frank. Inst. 200, 1925, 161-182. 

§ Leon. Geol. 21, 1926, 207-233. 

|| Boeke and Hitel, 85. The theory is given in books on thermodynamics, for instance 
that of Birtwistle, 1927, 115-116. 
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water of the order of 30 per cent. of the quartz, or, say 6-10 per cent. of 
the granite as a whole. Since on our hypothesis this is merely the material 
left over after the concentration of the olivine downwards, the original 
concentration of water in the rocky shell as a whole can hardly be expected 
to have exceeded a fraction of 1 per cent. A depression of the melting 
point by 40° for the latter seems to be the maximum allowable. It seems 
unlikely, therefore, that our adopted value of 1400° is too high. 

The value of S,, the ultimate steady temperature below the radioactive 
layers, is somewhat sensitive to variations in the vertical distribution of 
radioactive matter, even without change in its total amount. Thus if we 
were to take the whole radioactive layer to be average basalt, keeping 
the total output of heat the same, the depth required would be 130 km., 
and S, would be 3500°. This is a very extreme instance, but with moderate 
variations in the distribution S, can be changed by about 100°. Also the 
sedimentary layer, though its low radioactivity may make little contri- 
bution to the gradient, may affect S,; the rise of temperature within this 
layer must be added to estimates of S, because it is included in the second 
integration. This may give a rise of 100° if the sedimentary layer is 3 km. 
thick. 

The form S + mz for the initial temperature would not hold near the 
surface, partly through differences in the melting point from several causes, 
and partly on account of the effects mentioned in 8-3; but this is of minor 
importance, for the initial temperature within these layers hardly affects 
the temperature after a long time has elapsed. 


8:44. Allusion should be made at this stage to the possibility that in 
some cases a liquid magma may separate into two or more liquid phases, 
which afterwards solidify separately. Such liquid immiscibility has been 
suggested as an explanation of the existence of the granitic and basaltic 
layers. In work at the Geophysical Laboratory it has been found that, 
generally speaking, silicates in the liquid state mix perfectly freely, both 
at atmospheric pressure and under high pressure of water vapour*. Vogt 
expresses similar views. Recently J. W. Greig has found? that in certain 
cases magmas containing CaO, MgO, or SrO and much silica, when fused 
at about 1700°, separate into two liquids. The more acidic of these is 
nearly pure silica. The other has 3 to 5 molecules of SiO, to 2 of the 
metallic oxide. It appears that these magmas are much too acidic to have 
any relation to the geophysical problem, as Greig points out. Liquid 
immiscibility is therefore at present only an outside possibility. 


8-5. The foregoing discussion concerns only continental conditions. 
No mine or boring has yet been made in the ocean bottom, so that the 


* N. L. Bowen, J. Geol. Suppl. 23, 1915, 9. 
t Am. J. Sci. 18, 1927, 1-44, 133-154. 
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temperature gradient there is unknown; if such an undertaking could be 
carried out, most valuable information would be obtained. At present 
we must do as well as we can without it. Daly remarks*: ‘“‘Not a cubic inch 
of granitic rock has ever been found in the hundreds of volcanic islands 
that dot the region of the central Pacific, one-fourth of the area of the 
whole globe. So far as they go, these facts suggest that the suboceanic 
crust is composed of rocks decidedly different from the rocks constituting 
the continents.” This fundamental difference in composition is closely 
connected with the great problem of the origin of the division of the earth’s 
surface into continents and ocean basins, which has not yet received any 
convincing explanation. But if we simply accept as a fact the absence of 
the chief radioactive layer we must expect associated differences in the 
thermal history. Oceanic basalts do not appear to differ systematically 
from continental ones in their radioactivity. The basaltic layer being now 
the top one, and its thickness about 20 km., say, we should expect fPdx 
to be half what it is under the continents, and S, is found to be about 75°. 
On the other hand the upward concentration of radioactive matter may 
have stopped below the oceans when S, reached a definite value about 
equal to its value below the continents; the cooling at great depths would 
then be nearly the same in continental and oceanic conditions, even though 
the total output of heat was less; the difference in total output might be 
counteracted by a distribution through a greater depth. Such a suggestion 
as this would fit the frequency of oceanic volcanoes. The rise of tem- 
perature with depth in the basaltic layer would still be less than in the 
continents, and lower temperatures are therefore to be expected at equal 
depths of the order of tens of kilometres. 


8-6. It is possible that the actual cooling may involve change of state, 
and if so the latent heat of fusion will affect the law of cooling. Investi- 
gation of its effects has been begun, but definite results require more 
knowledge than we have of the variation of latent heat with depth. If it 
remains constant at about 100 calories per gram, the change of state would 
be expected to be complete down to a depth of about 300 km., but if it 
falls this depth will be greater. Seismology indicates no sudden change of 
properties between 30 km. and 2900 km. down, apart perhaps from the 
second order discontinuity at 1200 km. 


8-7. Summary. An account of the method of solidification of the earth 
has been developed, and has been already summarized in 8-34. The radio- 
active matter, if originally distributed uniformly, would have a profound 
influence on the method, and would keep the interior fluid below a skin 
a few tens of kilometres thick until the processes tending to lift radio- 
active constituents to the top had time to produce the present concen- 


* Our Mobile Earth, 98. T Gerlands Beitrdge, 18, 12-15. 
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tration into the upper layers. A revised theory of the cooling by conduction 
since solidification has been given. It leads to results concerning the 
thicknesses of the granitic and intermediate layers consistent with those 
derived from near earthquakes. The cooling below these layers amounts 
to about 800° at a depth of 30 km., falling to a few degrees at 600 km. 
Cooling below the ocean may be the same or more at such depths, but 
the temperature gradient near the surface below it is probably much less 
than under the continents, and suboceanic temperatures must be lower 
than subcontinental.ones at depths of tens of kilometres. 


CHAPTER Ix 
The Equations of Motion of an Hlastic Solid with Initial Stress 


“Lasciate ogni speranza, voi ch’ entrate.” Dann, Inferno. 


9:1. In the following pages several results in the theory of elasticity 
will be utilized, and it will be convenient to discuss them as far as possible 
consecutively. If a stress is applied to any substance but a perfect fluid, 
and we consider a small element of surface within the substance, the stress 
across the element (i.e. the force per unit area exerted by the matter on 
one side of it upon the matter on the other side) has three components, 
one of which is normal to the element, while the other two are tangential 
to the element. In a perfect fluid the two tangential components are zero. 

Consider then a small parallelepiped within the substance, its centre 
being at the point (a, y, z), and its sides being parallel to the coordinate 
axes and of lengths da, dy, dz. Let us denote the components of force per 
unit area across a plane perpendicular to the axis of x IDYe Disk Dig el Dace 
By considering the opposite faces of the parallelepiped in pairs, we easily 
see that the resultant force on the element due to the stresses has com- 
ponents 


Pew , Pye , Pin 3 
re aye eae ) dedydz eres ay 
and two symmetrical expressions. If p is the density and (X, Y, Z) the 
bodily force per unit mass, the force on the element arising from this is 


(Oxy pL) OLONOla ty bees | Besser (2). 


The two sets of forces together produce the acceleration of the element. 
If u, v, w denote its displacements from its initial position we shall there- 


Seer a, a a eo 

Boaroume a Op tee oe Scquugode ; 
with two similar equations. In the differentiation with regard to the time 
the displacement is supposed to have been expressed as a function of the 
initial coordinates and the time, and the differentiation is a partial one 
with regard to the time in this system, so as to give the true acceleration 
of each element. 

Now let us consider how the system of stresses Pye, Day; Puss «++ Des 
can arise. Suppose that in the initial state they had the values indicated 
by the index zero, pr, Pry, --» P°cz- When an element is displaced the 
stresses on it in general change, and corresponding changes in its size 
and form occur. Suppose, for the sake of generality, that at the same 
time an increase of temperature V takes place, and that the coefficient 


JE II 
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of linear expansion is m. Then the alterations in dimensions due to simple 
expansion in the absence of stress would be such as to make 


ou ov dw ou Ou “OU (Ou cw) cw 

ox Oy —""> Oy 02 Oe 02 0% Oy 
In the actual displacement, however, the values of the displacements will 
not be such as to satisfy these conditions; the size and form of the element 
will change on account of the changes in the stresses from neighbouring 
elements. Now it is proved in works on elasticity that the deformation 
produced by a small extra stress is related to it according to the laws 


Oma 


Dp = WN (Cap lyg te Cog) 2a CUCn | ne (5), 

D wy = Pun = WCny = Plyn = wenn (6), 
where accents denote that we are dealing with the changes in the stresses. 
Here Cyr, Coy» nz» «++ Cx, are the changes in the quantities 


Ou ov Ou ow du Ow 

Oa” Ox Oy’ Ow 02"? Oz’ 
measured from the state before the deforming stresses are applied, and — 
A and pu are the two elastic constants of the element, supposed isotropic. 
The additional stresses are supposed small enough for their squares to be 


neglected. Thus we shall have 


Ou 
Con = a wV, 6te. - |) ME eeemeeee (7), 
ov Ou 
Cxy = = 7 Cha (> SO Wixdeacaeeee (8), 
, Ou dv dw Ou 
and pe Goes 2p au — (BA+ 2y) nV, ete. ......(9), 
‘ow = ( ee 10 
Poy Na, 2) eSdeavene (10). 


Thus we have for the equations of motion 


au OD xe \ OD ve ; Ops 
a eee oy | OZ 
pan (AB + ut) te (a (Oey see Ow , ou 
Yaa OT OP Oa) © By 1 Vax | =) " Oz n (= , ss) 
0 
ie (BASE 2h) VY eee eee (11). 
with two symmetrical equations, where 5 has been written for 
ou ov. dw 
setaytte 9 (12). 
We may also write y for (SA =F 2) Ve eee (13). 


It will be noticed that the bodily force (X, Y, Z) is to be considered 
as evaluated at (x, y, z) after the deformation. Let (X,, Y), Z) be the 
force at (x, y, z) before the deformation, and put 


X= Xo Xp Oth eee (14). 
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The stress components p°,,, °,,, ... p°,,, on the other hand, refer to the 
particle that is brought to (x, y, z) by the deformation, in its original 
position and orientation. We need consider only the case where the un- 
disturbed stress is hydrostatic, that is, when complete yield has taken 
place to any stresses previously existing ; other cases of geophysical interest 
can usually be discussed more easily by approximate methods. If the 
hydrostatic tension at (x, y, z) before the deformation was Py), we have for 
small displacements 


0 sass 2 
HPN Mee A Es Oz 
Povy LAP kN Le ee (16), 


with corresponding relations for the other components. Also let Py be the 
density at (x, y, z) before deformation, and put 


BPP PsP OPW 0, pi Reeeedaains (17). 
Th 0 a) 7) 
en P = Po — a, (po) — a (Po?) — a (Po) —wasevnnee (18) 


is the equation of continuity, and determines p,. If the initial state was 
one of equilibrium, the equations of motion must hold when u, Vv, Ww and 
the additional forces X,, Y,, Z, are put equal to zero. Thus we have 


with two symmetrical relations. Subtracting (19) from (11), omitting 
terms involving squares and products of the displacements, and using (19) 
again, we have 


du 0 
Po We Pos + pyXo + ae ‘Ps (UX + VYo+ who)| 


@ au\ 2 ( (dv, du\) 8 ( (dw, au\) ay 
+ 5p (28 + 2p Sane (ae | =) ie { eae SACI 


In ordinary cases either the displacements (u, v, w) are specified over the 
boundary, or the displacements and the stress are continuous there. By 
hypothesis the initial stress was continuous, and the components of the 
displacement are also continuous, so that the part of the stress arising 
from the initial stress satisfies the boundary conditions automatically. 
The remaining portion can be found by the device of considering a small 
tetrahedron bounded by a small portion of the boundary and by planes 
parallel to the coordinate planes*; this shows that 


Ver yc 77) ee (21), 
with two similar expressions, must be continuous; here (J, m, n) are the 
direction cosines of the normal to the boundary, and p’,,... are to be 
found from (9) and (10). Since p’,,... are small, (1, m, n) can be given 
their values in the undisturbed state if this is convenient. 

* Cf. Love, The Mathematical Theory of Elasticity, § 47. 
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CHAPTER X 
The Bending of the Earth’s Crust by the Weight of Mountains 


““A pupil began to learn geometry with Euclid and asked, when he had learnt one 
proposition, ‘What advantage shall I get by learning these things?’ And Euclid 
called the slave and said, ‘Give him sixpence, since he must needs gain by what 
he learns.’ ”’ Sir T. L. Heat, A History of Greek Mathematics. 


10-1. In what follows a great deal of attention will be devoted to the 
mechanism that enables the earth’s crust to support the weight of mountains 
without immediately yielding and gradually effacing all departures from 
perfect symmetry. A discussion of the stresses in the crust produced by 
the weight of surface inequalities will therefore be necessary. For this 
purpose the crust will be supposed to be of finite thickness, and a heavy 
fiuid will be supposed to lie below it. Thus the effect of any additional 
pressure over the upper surface will be to bend the crust downwards, and 
the under surface will be forced down into the fluid against hydrostatic 
pressure. The final deformation will therefore be the result of the joint 
action of the additional pressures on the upper and lower boundaries. 

The problem is a statical one; the accelerations in the equations of 
motion are zero. There is no change of temperature, so that y is zero. 
The elasticity terms in the equations of motion are of order 


@2 02 
(A+ 2p) a or (A+ 2y) 5 


while the gravity terms are comparable with 


0 0 
Ane (powg) or aa (p09). 


If the wave-length of the disturbing pressure is 27/«, gravity will be un- 
important in comparison with elasticity if gpp is small compared with 
(A + 2u) x. Now the velocities of the longitudinal waves of earthquakes 
near the surface enable us to say that (A + 2)/p) is about 5 x 10" cm.?/sec.? 
Thus our condition is that « shall be large compared with 2 x 10-°/cm., 
or that 2a/« shall be small compared with 30,000 km. The effect of bodily 
gravity will in fact be small in comparison with that of elasticity unless 
the stresses are of a wave-length comparable with the circumference of 
the earth, when it would be necessary to include curvature in our calcula- 
tions as well. Thus the terms depending on bodily forces can be neglected 
when we are dealing with the support of mountain ranges; the curvature 
of the earth can be neglected in similar problems; and it will therefore 
be legitimate to treat the problem as one of simple stress in a uniform flat 
plate of infinite horizontal extent. 
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10-2. Let us take the axis of z vertically downwards, and those of x 
and y horizontal. The origin will be in the middle of the layer, and the 
thickness of the layer will be 2h, so that the upper and lower surfaces in 
their unstrained state are z= —h and z=h respectively. The layer is 
supposed homogeneous. The equations 9-1 (20) then reduce to 


05 A 
A+ pa + nV (CEN tule epee a (1), 
(A+ ee + pV2v=0 2 
Lt) oy LEN SUSI SS PAE e scoratteysrers ( Mp 
06 
(A+ Hat PNA 0” GO PES eee (3). 
By differentiating with respect to x, y, and z respectively and adding, 
Bo aod NORE Se anevada Ok (4). 
Let us write p for i q for iy and 9 for ig Put also 
Oa” oy’ Oz" 
| Oe inka eed 5a A Or ane Baer (5). 
Then V2 =o + pF tg? = 98 — 72 lle ceess (6). 


Solving for 6 by the symbolical method of Heaviside and Bromwich, r 
being independent of z, we have 
o= A coshrz--'Bsinhyz- © a. (7), 


where A and B are functions of x and y only. Let us now introduce a 
function y such that 


Aa B 
C= 9, @ Sinh rz + 9, % Cosh rz Saisie (8). 
Then we readily verify by differentiation that 
(Sete levies OF wg Bi Ly mee Yo te eee (9). 


If we substitute for 6 in (1), (2) and (3), we have three equations to find 
u, v, and w from. Particular integrals will evidently be 


Peery (08 0b, 70 
(U5 Vo> Wp) = i (=> ay’ -) NX woe cece (10), 
since with these values 
08 g. 08 an Na eaOY. 
which is zero by (9). The complementary functions are any solutions of 
(9? — r?) 6 = 0. 
We have therefore 
A+ OE AG) fs) 
(u, v, w) = — Fae a ag) x + (tas O15 0) Lens (12), 
where we can write wu,= U,coshrz+ U,sinhrz  ........ (13), 
O= Viscose Ves te 1 oss cccee (14), 


w= Wecoshre-+- W, sinh re — — ......0.. (15). 
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Here U,, U,, Vo, Vi;-Wo, W, are functions of x and y alone. We still 


have the condition that au av Ow _ a 
a + dy aes —— RO SARC OBS e 
Substituting in this from (12), we have 
A+ 2u 
Puy + qv, + Sw, = ——— Bnrcceeeee (17); 


This must hold for all values of z; so equating coefficients of cosh rz and 
sinh rz we have A+2 
pl, Pav, TW] 


Zi 
DU, Dale Wee Hn 


10:21. We have still to make use of the boundary conditions. These 
will be supposed to be that there is no shearing stress across the planes 
z= +h, and that 
when z = — A, D2 Pea QS eas (20), 
when z = h, Dae — C= eae pee (21). 
We have from 9-1 (10) 

Pin = be (pw t+ Fu) = — 2(A+ p) pdx + pw (pw, + 3x) 


— (A+ yu) 2 7 (A sinh rz + B cosh rz) — (A+ p) pz (A cosh rz + B sinh rz) 


+ p{p i cosh rz + W, sinh rz) + 7 (U, sinh rz + U, cosh rz)}...... (22). 
The vanishing of this where z = + h gives the two relations 


A 
me pe (1 + rh coth rh) + 2 (pW, + 1U,) = 0......(23), 


B 
— (A+ p) P= (1+ rh tanh rh) + p(pWo+70,) = 0. c.- (24). 
The first of these can be written 
A 
W,+ . ae ae (1+ rhcothrh)A cscs (25), 
and we see by symmetry that the vanishing of p,, at the boundaries will 


prove the right side of (25) equal to W, + : V,. Similarly (24) gives 
r A+ 
roel re +rhtanhrh)B  ......... (26) 
r 
care 0 + q ee . 


Using these relations to eliminate U,, V,, U,, V, from (18) and (19), 
we find 


N42 
epee Hath 4+ rhcothrh) A ecccces. (27), 


A+ 2 
W,= . tp Atha +rhtanhrh)B ......... (28). 
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We have also Dez = AS + 2uSw 

= NO — 2 (A+ p) By + Berane oy Bit eees (29). 
But oy = rey + 8, 
Hence Pez = — (A+ 2) 8 — 2(A+ p) r2y + 2udw 


= — (A+ 2u) (A cosh rz + B sinh rz) 
— (A+ p) 72 (A sinh rz + B cosh rz) 
+ 2ur(Wosinhrz+ W,coshrz) (30). 
By hypothesis ,, is to be equal to P + Q when z — — h, and to P—@Q 
when z = h. Hence 
— {(A+ 24) + (A+ p) rh tanh rh} A + 2urW,=Psechrh _ ...(31), 
— {(A + 24) + (A+ p) rh coth rh} B + 2urW, = —Qcosechrh ---(32). 
Substituting for W, and W, from (27) and (28), we have 
(A+ m) {1+ rh cosech rh sech rh} A= Psechrh  ...... (33), 
(A + 2) {1 — rh cosech rh sech rh} B = — Qcosechrh ...(34). 
These equations, with the expressions for the other coefficients in terms 
of A and B, give the symbolic solution of the problem when P and Q are 
known. In particular, if P and Q are proportional to sin «x sin k'y, where 
x and x’ are constants, or to any other product of harmonic functions 
of xx and x’y, the solution is to be found by simply substituting (x? + «’2)# 
for r. 


10:22. We require to know the stress-differences in the solid layer. The 
stresses are given by 


Pow = A5 + 2 a with two similar expressions; 


du dv : wae é 
Di haa de i iL 2) , with two similar expressions. 
Substituting for the coefficients in these, we find 
Paz = (A+ p) {(1 + rh coth rh) A cosh rz + (1 + rh tanh rh) B sinh rz 


— rz (A sinh rz + B cosh rz)}......... (35), 


p p* * p" 
Di = A.cosh rz (A pee + (A+ p) - h coth rh) + B sinh rz (a— be 


re 
2 2 
ae beaobs h tanh rh) _ uae z(A sinh rz + Bcosh rz) ...(36), 
Dew = (A+ p) z {Arh coth rh sinh rz + Brh tanh rh cosh rz 


— te (Acoshiye 7B sink rz)\ ~ c (37), 
Day = — (A+ H) pq (A sinh rz + B cosh rz) 


a a [{(A + ») rh coth rh — 4} A cosh rz + {(A + p) rh tanh rh — } B sinh rz] 


with symmetrical expressions for p,, and p,,. 
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It is easy to verify that these expressions satisfy the original equations 
of equilibrium 
; Ces Pont le 1) ea ae (39), 
Ox oy | O 
with two similar equations. 


10-3. In the problem of the support of the earth’s crust, the values of 
P and Q must satisfy two conditions. Suppose the pressure to be reduced 
by S over the surface z = — h. This surface will be depressed by a certain 
amount, and the reduction in the weight of the matter above this level 
must be allowed for in finding the stress after deformation. If then p be 
the density of the superficial matter, we must have 

PE ORS se gplW jane ee eres (1). 

Similarly, the depression of the lower boundary by the amount w,_, 
exposes it to the additional pressure due to a height w,_, of the underlying 
fluid, whose density will be supposed to be p’. Hence the additional stress 
,, across the boundary will be increased by — gp’w,_,. The negative sign 
is required because a positive stress is a tension, not a pressure. But this 
is the change in the stress on the matter constituting the boundary; after 
the displacement the vertical tension across the plane z = h has to support 
the weight of the column of the crust below it, and therefore the increase 
of tension there is gpw,_, more than that on the matter at the boundary. 


Hence P—Q=—q@(p' — Pp) Wee ss ewnenece (2). 
Now we have 
A+ pe Ox 
i Coma 


pe 
= — “phe (A cosh rz + B sinh rz) 
= ‘ rar (A sinh rz + B cosh rz) 
+ Se. h(A coth rh sinh rz + B tanh rh cosh rz) ......... (3). 
Hence Wire tare (—Asinhrh+ Becoshrh) _......... (4), 
pga 33 (Asinhrh4 Beooshrh) ...c (5). 


On substituting these expressions in (1) and (2), and expressing P and Q 
in terms of A and B by means of 10-21 (33) and (34), we have 


(A + p) (A cosh rh + Arh cosech rh — B sinh rh + Brh sech rh) 


= 8+ gp A cr hs (—Asinhrh+ Bcoshrh)  ......... (6), 
(A + p) (A cosh rh + Arh cosech rh + B sinh rh — Brh sech rh) 


J A 
= —g(p' — p)- ir ti (Asinhrh+ Bcoshrh) ......... (7); 
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which suffice to determine A and B. If we write 
BoB 2M A BONES) i (8), 
(6) and (7) take the alternative forms 


rh —Tth ee an 7 =? 
oe) |Me eet cosh rh sinh rh Cee: »)| 
Sik ee cin vreer eae (9), 
2ur 
rh —rh rh p rh —rh 
rt) Ne pe Gay cosh rh sinh rh ee } 
pee | / n a 2 rh —rh 
— g(p —p) Dur (Ne — Me ) OOOO (10). 


Let us first consider the case where rh is large. Then (10) shows that 
Ne™ and 4rhMe-* are of the same order; for we already know that 
(gp)/(A + 2) « is small in the problems we are considering, and a fortiori 
9 (p’ — p) (A+ 2yn) 


is small. Hence to a first approximation 


2(A+ p) pr 
Nes Ar er the 9 ae ox ae oe creer (11), 
and substituting in (9) we have 
Meas Scat(\ et) ae ae he ed ee (12). 
Hence by 10-2 (7) o= a Rei EEE) ee Art [ye ok ett ee (13), 
or if we take as a new coordinate the depth below the undisturbed surface, 
PUUS RET ere ve are web Maen a (14), 


and neglect the terms in e”, on account of their small coefficients, we find 
from 10-22 (35) to (38) 


Doz = (A+ pp) 7A (h + 2) em + (A+ ps) Alem... (15), 
/ 2 Nee 2 

Bea = (1— HE) dere AFIPS 4 hy ayer ...(16), 

Pisa — (A+ p) pA (haze  ——hsneces (£7); 

Bow = (A+ w)EF A (b+ aye — PF Aer on... (18). 


These can be shown by differentiation to satisfy the conditions of equi- 
librium. We have from (8) and (12) 


(ACR) Aes St Uy Sane ae (19). 
Hence the stresses reduce to 
Puz = S (1 oi 21) CELE ae mate ih YS Page Me rae eee (20), 
Nee 2 Mp2 ene 
nee : tee en" 4 g ziezthe om ihe et te (21), 
Poe DEC tUr uke Moe ark Ey Dida cis, (22), 
‘Da st @ y - s (OS) 1 UMM eh eta (23) 
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10-4. If now S is a simple harmonic function of «x and x’y, we may 
fix the origin so that 


S.= vy COS KE COS KY 7 areata Lys 

where. vis a constant. [hen ¢2=K?-+-K77° 7 9) ee (2), 

and Dep = v (L £72) 6 COS KE COSY etapa (3), 
jie eee . 

Pao = v1 CE - Jenn COS:KE COSY. | Te sccas (4), 

Djg VKZ CT SI RE COS FY - Bee (5), 

Duy = ( any 3 2 é-£SI RESIN KY) ese soee ens (6), 


from which the expressions for p,, and p,, can be obtained by considera- 
tions of symmetry. Now the three principal stresses at any point are the 
roots of the cubic equation in a, 


Pra _ @ Pay Puz — 0) seeeeceee (7). 
Pay Pyy -— BD Pyz 
Paz Puz Pa — @ 


This determinant is an even function both of cos xx, sin xx, cos x’y, and 
sin x’'y. The stationary values of each stress-component with respect to 
variations in 2 and y occur where cos cz and cos «’y are each equal to 
zero or + 1. The same may be expected to be true of the principal stresses 
and of the differences between them, and this has been found to hold in 
all special cases so far examined; but a general proof has not yet been 
constructed, on account of the heaviness of the algebra involved. It will, 
however, be assumed that it is in general true that the greatest stress- 
differences occur at points where cos xz and cos x«’y are each zero or + 1, 
and the following discussion will therefore deal only with these points. 

It will facilitate discussion if the surface of the earth is considered 
marked out into rectangles by the two sets of lines where 


cos kx = 0 and cos «’y = 0. 
Then the points of the surface where cos xx and cos x’y are + 1 will be 
the centres of these rectangles. If cos xx and cos x’y are both 1 or both 
— I, the point considered will be one of maximum elevation; if only one 


of them is — 1, the point will be one of maximum depression. The points 


where ah or 
COS kx = sin Ky = 0, 


and those where sin Kx = cos k'y = 0 
are the midpoints of the sides of the rectangles. Those where 
cos K® = cos K'y = 0 


are the corners of the rectangles. We therefore proceed to discuss the 


stress-differences at points vertically below these various points identified 
on the surface. 
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10-41. Considering first the centres of the rectangles, we have 
eee Daye Oe a aeueeck (1). 
Hence the three principal stresses at any depth are P,., Pyy, Pez. We see 
at once that the greatest of these in absolute value is always p,,, and the 
greatest stress-difference is therefore either 


a re pr’ grt 2 Shey 
| Pzz — Pow | a Be w) pe 7 a) Cie asereinicteraio:s (2), 


pK? 72’? A 
or = = a 12, 
| Pez Puy | le be 1) 72 7 a) VO AN Becwereeisisiccs (3) 
The maximum value of p,, — Py» in a vertical line is given by 
0 pu’? prt. 2 ue 
02, (ot oe. i) v2 r a) Z | —— (0) eeeeccoece (4), 
: 2K? Se KA] ( (A+ p) 
hich mak : 
which makes a= Ores oy 6 eee (5). 


Similarly the greatest value of p,, — p,, occurs at a depth 
2'2 + KPA/(A + p) 
r (2K’2 + K?) 

So far the magnitudes of « and x’ have not been considered. Without 
loss of generality, therefore, we may suppose the axes turned so that the 
axis of y is in the direction of the greater wave length. Thus « will be 
greater than x’. Then 


| Pz — Paw | — | Pez — Poy | = (x? — K2) ( a raRY: 7 2 ye-™ ...(7). 
Thus | p,, — Prx | will be greater than | p,,— p,, | if the depth exceeds 
Geaenre but the latter will be the greater if the depth is less than this 
critical value. i” ow the greatest value of | p,,— p,,| occurs at a depth 


12 2 
as vane ie 2) . The condition for this to be greater than Ceane is 
(Ab pp) 2% + PAS (2k 4 2) va ceseone (8), 


which is true, since A is positive and about equal to ». Hence the greatest 
value of | p,,— Py, | occurs at a depth where it is less than the value 
of | P.,— Py» | at the same depth, and a fortiori is less than the value of 
| Pez — Pe | at the depth where the latter reaches its maximum. Hence 
the greatest stress-difference below the centre of a rectangle is | p,, — Dyg | 


BEAK ANA ae fe) yi al oer 
at the depth Z F (Oe + 178) , its value there being ——.— ve-". 
10-42. At the corners of the rectangles we have 
DePuy a Peete Dat I Oxtsicsen en (1), 


, 
VKK 


& —T2. 
Poy = £5 (re uel ts tage eee (2). 
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Hence @o=0or+ ae @ — es Ca cs ee Con clases (3), 


and the greatest stress-difference is 
2vKk’ | be 


7 72 ase? be 
10-43. To compare this with the greatest stress-difference at an equal 
depth below a point of maximum elevation or depression, we must consider 


two separate cases, according as z, is greater or less than Teor If 


pw 
Be Ae 
OC er 
: 2vKK' : 
the stress-difference at a corner is less than ae z,e-. The coefficient 


22 + Ke’? 


>] 


, a KK. een 2K? ye 
of vz,e-" in this is ae which is less than Dare which is less than 


which is the coefficient of vz,e-™ in the expression for | p,, — Pr» | vertically 
below the centre of a rectangle. The other term in the latter expression is 
always positive, and therefore the stress-difference at a corner at any 


depth greater than CEA. is less than the stress-difference at an equal 
depth below a centre. 


If the depth is less than .—*—__ , the stress-difference below a corner 


Gam p)r 


dS and attains this value at the surface. Below 


re (A+ py)’ 
a centre | P,,— Dyy r is greater than | p. — Pex |; it is at least equal to 


2 
a = a)? attaining this value at the surface. Hence if « is greater than 


is not greater than —, 


x’, the stress-difference at the corner at any depth is less than that at the 
aa at the same depth; but if « is less than 2x’, the stress-difference at 
the corner is the greatest at the surface. 

Let us now compare the stress-difference at the surface at a corner, 
when « is less than 2x’, with the greatest stress-difference at any depth 
below a centre. The maximum stress-difference below a centre is 


But the expression for Z shows that rZ is less than unity, and therefore 


this stress-difference is greater than — lst mt v. The condition for this to 


be greater than that at the surface at a corner is therefore that 


2K? + K’2 > Qexk’ 5 ae 
If A and yp are equal, this reduces to 


2x? — exk’ + k’2> 0, 
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which is true, since ¢2< 8. Hence if the Poisson ratio of the matter of 
the earth’s crust has the standard value of +, which makes A equal to p, 


the greatest stress-difference below a centre will be greater than the 
greatest at a corner, 


10-44. Considering now the midpoints of the sides, we have if 


cos Kx = sin ky = 0, 


Pee = Pow = Dyy = Dux = Dry = 0 sennconre (1), 
Pig BEV REE ee (2). 
Hence iS OOP eV O Oe he (3), 


and the greatest stress-difference is 2vnze-™, A sufficient condition for 
this to be less than the value of | Piz — Pox | at the same depth below a 
centre is that 2« shall be less than (r2 + «*)/r. On substituting for r in 
terms of « and x’ we find that this becomes 


Ca a a hi oe 1 iar eat Eo (4) 
which is true unless «’ is zero. Thus the stress-difference below the mid- 
point of a side of this set is always less than that at the same depth below 


the centre. Since «’ is less than x, we see that the stress-difference at the 
midpoint of a side of the other set is still smaller. 


10-45, Collecting these results, we see that if « is greater than 2x’, 
so that the wave-length in one direction is more than twice that in the 
other direction, the stress-difference at any point vertically below a place 
of maximum elevation or depression is greater than that at the same 
depth anywhere else. The maximum value is at a depth Z, equal to 


2 12, Det 12 
ets ANA I) , and its amount there is ““* * 


ve-"2, and greater 


7 (2x2 + 4/2) 72 
2K? + Ke’? ; ae, ; ; 
tha (EF If, however, « is between x’ and 2x’, there will be regions 


of finite depth, around the points where the lines of zero elevation cross, 
where the stress-difference exceeds that at the same depth at the points 
of maximum elevation or depression. Even in this case, however, it will 
not with normal substances exceed the greatest stress-difference vertically 
below a point of maximum elevation. Thus if the strength of the material 
is the same at all depths, permanent deformation will take place first 
by a sinking of the greatest elevations and a rise of the greatest de- 
pressions. Since the greatest stress-difference in these circumstances is 
| Pez — Poo |, the failure will take place by the greater stress Pa, overcoming 
the smaller p,,, so that the matter below a region of maximum elevation 
will be forced out parallel to the axis of x; in other words, in the direction 
of the shorter wave-length. Flow in the direction of the longer wave- 
length will occur only if the surface stress is applied so quickly that the 
stress-difference | p,,— Py | reaches the amount necessary to produce 
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deformation before flow in the direction of the shorter wave-length 
has had time to reduce the stress-difference | p,, — Pr» | below the limit 
necessary to produce yield. Flow in regions below the slopes will become 
possible only when extra stress has been thrown on these regions by the 
failure of materials below the summits and hollows to support their share. 

If « is between x’ and 2x’, and the matter near the surface.is weaker 
than that below, the stress-difference at the corners near the surface may 
become enough to produce yield before that below the centres has reached 
the greater value necessary to produce yield at the greater depth. The 
same may happen even in the case of uniform strength if mw is greater 
than A; but in the actual earth these quantities are nearly equal. Now the 
stress-difference at the corners arises from the component p,,, which 
represents a tangential shear across each of the planes «2 = constant, 
y = constant. The tendency will therefore be for matter near the places of 
greatest slope to flow downhill. 


10-5. The present problem is a generalization of one discussed by Sir 
G. H. Darwin*, as the limiting case of the stresses due to a spherical 
harmonic deformation of high order. His results refer only to the case 
where x’ is zero, corresponding to a series of parallel mountain chains of 
infinite length. In this case our results 10-4 (3) to (6) reduce to 


Dip= v CL Kz) ea COS Re = eres eee (1), 
pigs vl ine OHCs Re Gye beeen (2), 
Pw = Vy = € “A CONKE 9 eee (3), 
Ti = vez eo; Sh ee ee a eee (4), 
Diy = Dey Oe 1 Oe eee (5). 
The equation giving the principal stresses therefore becomes, if 
= over PEP 1 ols By Vane es (6), 
(1 — x2,) cos ku — oa 0 KZ, SIN KX p= Os Cid 
| 0 a c 0 | 
| an OS KX — & | 
| Kz, SIN KX 0 (1 + Kz.) cos Kx — | 


the roots of which are as cos Kx or cos Kw + Kz,. The first of these roots 
be 


A+ 
evidently corresponds to the component p,,, flow due to which is im- 
possible, since it is the only component capable of producing motion 
parallel to the axis of y, and is itself independent of y, so that the resultant 
force parallel to the axis of y acting on any portion of the crust must be 
zero. The two principal stresses in a vertical plane perpendicular to the 
ridges differ by 2v«z,e-*1, This is independent of x, so that the stress- 
difference is the same at all points at the same depth, whatever their 
horizontal distances from the nearest ridge. This has been seen to be 
untrue in the more general case. The maximum stress-difference occurs 


* Scientific Papers, 2, 481-484. 


Thin Orust 175 


at a depth 1/«, and is equal to 2v/e. There is no stress-difference at the 
surface, in which respect again we have a disagreement with the case 
where «’ is not zero, 


10-6. In the above discussion rh has been supposed large. The stress- 
components introduced by the pressure applied over the surface have been 
found to decrease rapidly with depth, when the depth exceeds a definite 
finite value of order \/r. Hence the fluid upon which the crust has been 
supposed to rest has practically no additional stress to support, and it 
was therefore to be expected that the reaction P — Q) across the boundary 
between the solid and the fluid would be negligible, as has been found to 
be the case. So long as the condition that rh is great is satisfied, the 
solution for the regions where the stress is comparable with the pressure 
applied over the surface is the same as that for a solid of infinite depth. 

If, however, rh is small, the stresses at all points within the solid layer 
would be expected to be comparable, and the fluid may have to support 
a large fraction of the pressure applied over the surface. In other words, 
the crust may undergo considerable flexure, and the extra hydrostatic 
pressure where it is depressed into the fluid may nearly balance the 
pressure on the top. Within the fluid there is no stress-difference, but in 
the surface layer there will be some. In comparing the two cases it will be 
useful to evaluate the stress-differences in the crust, so as to find out 
whether they exceed those in a deep crust or not. Coming now to the 
case of a floating crust, of small depth in comparison with the wave-length 
of the deformation applied, we may approximate to 10-3 (9) and (10) by 
neglecting powers of rh higher than the first. They reduce to 


20+ w) A= 8+ gp "2H (— Arh + B) Sethe (1), 
x A+ 2p ‘ 
2(A+ p) A = —g (p’ — p)- a CATILE BY isso (2), 


provided that B (rh)? is small compared with A. We know already that 
in the class of problems we are considering gp is small compared with 
(A+ 2y)r. Now A and p: are nearly equal, and in these two equations the 
ratios of the terms in A on the right to those on the left are respectively 

+ 2 — A + 2p) 
go (A+ 2p). 2g 9 —p) (A+ 2p) 


th. In each of these rh is sxmz Ul, 
4p (A+ p) Sg ie ea a a eee a 


by hypothesis, and the other factor is of the order of 2, ‘ of which is already 


known to be small. Hence the terms in A on the right are both products 
of two small factors, and therefore can be neglected. With this sim- 
plification the equations give 


Pe Dial ats lt eee 3 
pF wi) Ses 
Fpl Pd se add oon | | (4). 


gp’ (A+ 2p) 
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The condition for the validity of the approximation is that 


(chy <A ee race ee (5), 
while a aa Ne erent ae Ae: (6). 
Taking g = 1000, A= » = 5 x 104, and p’ — p= 1, all in c.g.s. units, we 
have an eae An t 
B Te a Oot oT : 
Thus our condition gives Pe TRO ee eee ee (8), 
and if we put h equal to 50 km., or 5 x 10° cm., this gives 
P= 56 104 /en ie = See eee oe (9). 


If the distribution of pressure over the upper surface is simple harmonic, 
(9) shows that the wave-length must be at least 1200 km. to make the 
present solution valid. With smaller values of h it may be less. 
Substituting in the expressions for the stress-components, and re- 
membering that z cannot exceed h within the crust, we have on rejecting 
powers of rh above the first, in accordance with the approximation already 


made, pa= 240) tote) eee (10), 
Peo = AX(1 +2) + Br(1— 2) re ne (11), 
Psd, UO ae er ere eee (12), 
Poy = EE {AA (No) Bic ae eee (13). 
If in particular S22. ¥ COS IGE) tn sae Dn See (14), 
we have DoD Se ee Gee (15), 


and the greatest stress-difference is 


| Pez — Pu | = | {2BArz — 2A (A+ p)} v cos Ka | 


CuNCZe op A 
= ; i PCOS erences 16). 
G (cam ae J | oo 
If z has its maximum value h, and the quantities involved have the 
values already assumed, together with 


p= 2:5; p' = 35, 

the first term within the bracket is approximately 3, while the second is 
2/7. Thus the greatest stress-difference in a thin crust floating on a fluid 
will occur at the bottom surface, and will be about 3» below the places of 
greatest elevation and depression. 

In the thick crust the greatest stress-difference at any depth was found 
to be 2v/e. Hence the stress-differences in a thin crust may considerably 
exceed those in a thick one, even when the stress over the original free 
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surface is the same. If instead the height of the visible inequalities is the 
same, the extra matter on top must be more on a thin crust because it 
must make up for the depression of the crust as a whole. On both grounds 
the internal stress-differences are greater in a thin crust. 


10-7. In the foregoing investigation two extreme cases have been con- 
sidered, the thickness of the crust having been supposed in the one to 
be great, and in the other to be small, in comparison with the wave-length 
of the disturbing pressure applied over the surface. In each case the 
distribution of the stress-differences through the crust has been found. 
In the case of a thick crust the maximum stress-difference is below the 
greatest elevations and depressions, and at a depth about 1/27 of the 
distance between consecutive ridges. Its amount is about 2v/e, where v is 
the maximum pressure applied over the upper surface. When the whole 
thickness of the crust is less than 1/27 of the distance between consecutive 
ridges, the crust bends down as a whole until the extra upward pressure of 
the fluid on the regions bearing the extra load almost balances the weight 
of the load. When this is so, the depressed regions are compressed above 
and stretched below, the opposite holding for the elevated regions. The 
deformation produces stress-differences that may exceed several times 
the maximum that can occur in a thick crust of similar materials; the 
greatest is at the bottom of the crust. 


Jz 


CHAPTER XI 
The Theory of Isostasy 


“T could show you hills, in comparison with which you’d call that a valley.” 

“No, I shouldn’t,” said Alice, surprised into contradicting her at last: ‘“‘a hill 
cat be a valley, you know. That would be nonsense...” 

The Red Queen shook her head. “You may call it nonsense if you like,” she 
said, “‘but /’ve heard nonsense, in comparison with which that would be as sensible 
as a dictionary !”’ Lewis CaRRrouu, Through the Looking-Glass. 


11:1. The Behaviour of Matter under Shearing Stress. It was shown in 
Chapter VIII that the matter of the earth’s crust at a depth between 
300 km. and 400 km. has had time to cool down since solidification by 
something of the order of 200°; while the matter at a depth of 700 km. 
can have cooled by only a few degrees, at the most, from the melting 
point at the pressure that actually prevails at that depth. We should 
therefore expect that, while the rocks at the surface possess the properties 
of ordinary solids, a gradual transition in properties would be associated 
with increase of depth, and that the matter at a depth of about 700 km. 
would behave almost as a fluid. Unfortunately, however, this is much 
too simple a statement of the problem. Several quite different properties 
are commonly thought characteristic of fluids, but are by no means 
invariably associated. Thus the use of the term ‘fluid’ without some 
preliminary discussion of what is meant by it in the particular context 
would be certain to lead to confusion. Some account of the properties 
of matter in its various physical states is therefore necessary. 

In studying the development of the earth, especially in relation to its 
surface features, we are largely concerned with phenomena of change 
of shape, both temporary and permanent. Hence the physical properties 
of its constituents that we chiefly. need to know will be the relations 
between the changes of shape that they undergo and the stresses that 
produce these changes. Other properties of matter, so far as they concern 
us, will do so only in a subsidiary way. Any classification of substances, 
to be useful in geophysics, must therefore be based primarily on their 
behaviour under deforming stress. Such a classification will be outlined 
in what follows. It does not follow completely any classification known 
to me, for two reasons. First, no single account I have seen appears 
to deal adequately with all the properties that require description; and 
secondly, most accounts are methodologically unsatisfactory in that they 
use for purposes of definition properties incapable of being tested experi- 
mentally. 

The dimensions of a body may be altered in two ways. First, it may 
be compressed or extended by a uniform pressure or tension over the whole 
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of its surface. This property is called compressibility. In many substances, 
which are called isotropic, the dimensions in all directions alter in the 
same ratio when the pressure is uniform and normal to the surface. If, 
however, the pressure is not uniform, or if the substance as tested by the 
above criterion is not isotropic, the dimensions in different directions will 
in general change in different ratios. Any alteration of size or form in a 
body can be represented as a combination of changes of volume without 
change of shape, and changes of shape without change of volume. The 
simplest type of the latter occurs when a rectangular block has one face 
clamped, while a tension is applied in the plane of the opposite face. The 
block will be distorted, its angles ceasing to be right angles, but the 
volume will remain unaltered. A stress (measured as a force per unit area) 
that alters angles without altering the volume is called a shearing stress. 
If, again, the tension over each face of the block is normal and uniform, and 
if the tensions over opposite faces are equal, but those over adjacent faces 
are different, the block will in general be altered both in volume and in 
shape, becoming most extended in the direction of the greatest tensions. 
The angles between lines inclined to the edges of the block will be altered, 
indicating the presence of shear. If three mutually perpendicular lines 
meeting in a point in the body remain perpendicular after the deformation, 
they are called principal axes of the strain at that point. In the case of the 
stress-distribution just considered, lines through any point parallel to the 
edges of the block are principal axes of the strain. Again, if the stress across 
a plane at any point is wholly normal to that plane, this plane is called 
a principal plane of stress at that point. At any point there are three 
mutually perpendicular principal planes of stress, and the stresses across 
them are called the principal stresses at the point. If the substance is 
isotropic, the principal stresses act along the principal axes of the strain. 
The difference between the greatest and least of the principal stresses is 
called the stress-difference. It is evident that in an isotropic substance the 
vanishing of the stress-difference indicates that there is no distortion at 
the point, the expansion or contraction being the same in all directions. Thus 
stress-difference and shear in an isotropic substance are always associated. 


11:11. Permanent Set. Suppose now that a body is deformed in any 
way, and that the external deforming stresses, after being applied for 
some time, are removed. Further changes of form will in general follow. 
The rate of variation of shape may diminish with time in such a way that 
it is legitimate to infer that it is tending to zero and that the extent of 
the change of form from the original state is tending to a definite limit. 
If, for instance, the changes in several successive equal intervals of time 
decrease like the terms of a decreasing geometrical progression, such an 
inference will be justified. If the limit is different from the original state, 
the substance is said to have undergone permanent set. 


12-2 
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Permanent set follows very different laws in different substances. 
There may be a limiting stress-difference such that no permanent set is 
observed unless the stress-difference actually applied exceeds this limit, 
but such that any greater stress-difference always produces permanent 
set. This is usually called the limit of perfect elasticity, but the term is a 
bad one, since a body may be strained so as to show no permanent set, 
while being very far from perfectly elastic in another sense, which will 
be explained below. It will here be called the set-point. It may happen 
that the set-point is not appreciably different from zero; this is true not 
only for typical fluids, but for such metals as cast iron. Often, however, 
it is different from zero. 

The nature of the set varies in different cases. It may involve a con- 
tinuous deformation such as a liquid undergoes, particles originally in 
contact remaining in contact; or the constituent parts may roll or slip 
over one another, with or without internal change of form; or parts 
originally within the body may cease to be in contact with other parts of 
the body at all. The first type may be called flow, the second elastzc 
hysteresis, and the last fracture; but the property of greatest geophysical 
interest is the same in all, namely that the substance acquires a per- 
manent elongation in the direction of greatest tension (or least pressure) 
- and a permanent contraction in that of least tension (or greatest pressure) ; 
and we are fundamentally concerned with the existence and amount of 
the set, and not with its nature or the details of the process that brings 
it about. 

The amount of the set may depend not only on the stress-differences 
applied, but also on how long the stress-difference has exceeded the set- 
point. It may happen that the set is practically independent of this time; 
this property is connected with elastic hysteresis. In this case the shape 
of the body tends to a definite limit under the stress applied, and does 
not surpass the limit, however long the application continues, unless the 
stress is further increased. 


11-12. Plasticity and Strength. When the stress is sufficiently great, 
however, it will be found that the rate of change of shape shows no sign 
of falling off when the stress is applied for a long interval. If this is so, 
the extent of the recovery when the stress is removed is practically 
independent of the time of application of the stress, so that the set is an 
increasing function of the time of application, and could theoretically be 
made to surpass any limit by increasing the time sufficiently. The last 
property is here called plasticity. It is one of the most important properties 
of matter, since the flow of fluids, the malleability and ductility of some 
solids, and the brittleness of other solids, are all particular cases of it. 
The critical stress-difference, above which the rate of change of shape 
does not decrease when the time of application of the stress increases, 
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may be called the strength of the material; and one substance may be 
said to be weaker than another if it has a smaller strength. Every substance 
can be made to show plasticity by exposing it to a sufficiently great 
stress-difference; a body heterogeneous in constitution may, however, 
show it only when the stress-difference has become great enough to produce 
it in every constituent*. 

The ratio of the stress-difference to twice the rate of shear during 
plastic flow may be called the viscosity. If a body has been undergoing 
deformation through plasticity, and the external stresses are gradually 
diminished, the plastic deformation in any element will cease when the 
stress-difference there sinks to the strength, and thenceforward no further 
set will be acquired until the stress-difference again surpasses the strength 
of the material. 


11:13. Rigidity and Elastic Afterworking. If a body is exposed to a 
stress-difference insufficient to produce permanent set, and is then released, 
it may oscillate about its original position, the extent of the oscillations 
gradually diminishing to zero, or it may return to its original position as 
a limit without ever passing through it. In either case the tendency to 
return is said to show rigidity. Rigidity and strength are quite distinct 
properties, but are habitually confused in geological literature. A sub- 
stance that oscillated about the original position, the oscillations retaining 
permanently the same mechanical energy, would be called perfectly elastic; 
but such a substance does not exist. The concept of a perfectly elastic body 
is, however, useful, for in many circumstances the behaviour of real bodies 
approximates very closely to that of perfectly elastic ones, which there- 
fore serves as a valuable standard of comparison, and is, at the same 
time, susceptible of exact mathematical treatment. The dying down of 
the deformation is called elastic afterworking. An example of this pheno- 
menon is afforded by certain biscuits containing treacle, notably ginger 
snaps, when slightly stale. If bent to an extent insufficient to start a 
crack, and then released, the biscuit may be seen to creep back slowly to 
its original flat form. 


11-14. If a substance that shows rigidity and elastic afterworking when 
its stress has not exceeded the set-point is afterwards exposed to stress- 


* Tf plastic deformation commences in one constituent, the failure of this constituent 
to bear the stress-difference falling on it will throw additional stress-difference on the others. 
An example of this was seen in the problem discussed in 10-6. Hence a plastic yield of the 
body as a whole will take place more readily than it would if the body were composed 
entirely of its strongest constituent. This fixes an upper limit to the strength of a hetero- 
geneous body as a whole. The possibility of thus fixing an upper limit requires some emphasis, 
since it is sometimes thought that the heterogeneity of the earth imposes an insuperable 
obstacle to the application of any elastic theory. Even if constituents in a state of 
mechanical mixture become separated, this statement will remain true. 
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differences greater than the set-point, and is afterwards released, its 
behaviour during the stress and recovery is a complex process, for rigidity, 
elastic afterworking and set all take part. It will therefore return only 
part of the way, if at all, towards its original configuration, and the return 
will be slow, the oscillations, if any, gradually dying down. To disentangle 
these effects, and to say how much of the motion is due to each, would 
require more experimental investigation than has yet been carried out. 


11-15. Definitions of Solids and Fluids. Typical fluids have no strength 
and no rigidity. Since elastic afterworking arises only as a property of 
rigidity, this property also is absent from fluids. Suppose, for instance, 
that a horizontal plate is suspended in a liquid, and is then moved hori- 
zontally through it. The surface remains level, so that gravity does not 
affect the motion. It is found that, however small the stress acting on 
the plate may be, it always deforms the fluid, particles originally in vertical 
columns acquiring horizontal displacements with regard to one another; 
and that when the plate is no longer acted upon by stress the fluid merely 
comes to rest, showing no tendency to return. These properties have been 
defined to be the criteria for absence of strength and rigidity, which are 
therefore zero in fluids. 

But although typical fluids possess neither strength nor rigidity, these 
properties are not invariably associated. Shoemaker’s wax, for instance, 
is a famous example to the contrary. It is possible to make tuning forks 
of it, whose free vibrations have a frequency sufficiently high to enable 
them to give out an audible note; the resilience thus indicated implies 
rigidity. Yet when one of these forks is left to itself, it gradually flows 
out under its own weight, until a uniform flat surface has been produced. 
Hence it has no strength*. In general solids possess both strength and 
rigidity, but both properties diminish rapidly as the temperature ap- 
proaches the melting point, and disappear as the substance melts. Strength 
is usually the first to show great diminution, and in the case of many 
glasses has quite disappeared some hundreds of degrees below the melting 
point. Thus to use the term ‘fluid,’ without carefully specifying whether 
absence of strength or absence of rigidity is the defining characteristic, 
would be certain to lead to errors. Each convention would have its 
advantages, and both have been used for the purpose. Absence of strength 
has been used as the defining quality by many physical writers. The 
definition, however, does not appear to have been followed in practice. 
If we are to have a coherent scheme the definition that should be used 
should be that actually used in melting-point determinations, which has 
quite another basis. In such determinations the substance is not kept at 
a uniform temperature for as long a time as would be required, for instance, 


* Lord Kelvin, Baltimore Lectures, Camb. Univ. Press, 1904, 9-10. 
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to make pitch at ordinary temperatures acquire a flat surface. Thus what- 
ever the practical criterion of the fluid state may be, it is not absence of 
strength. Strength, indeed, is lost by all impure substances, and by many 
pure ones, at temperatures far below the accepted melting points. The 
property actually used is the acquirement of mobility; that is, the sub- 
stance is considered to be fluid when it can be poured. Now if one tries 
to pour a substance possessing rigidity, the flow is resisted by rigidity 
until the stress-difference surpasses the strength, and afterwards by the 
resistance to plastic flow, so long as this continues; thus mobility implies 
the smallness of both these qualities. The absence of rigidity in the liquid 
state is again shown by the absence of any tendency towards elastic re- 
covery of form when the substance has been poured. It therefore appears 
that the characterisiic property of fluids is twofold: they have zero 
rigidities, and their viscosities are small in comparison with those of the 
same substances in the solid state. Hither of these properties might be 
used as an expression of the practical criterion, the great reduction in 
viscosity on melting being probably the more convenient; but they are 
closely associated in actual substances, and it will be a matter for no 
surprise if rigidity in a substance is found to be present almost or quite 
up to the melting point. We shall therefore recognize the fluid state of a 
substance by the absence of rigidity and by the smallness of the viscosity 
in comparison with that in other states of the same material. Other states 
characterized by high viscosity, with or without rigidity and strength, will be 
called solid. Thus pitch at ordinary temperatures will be regarded as a solid. 


11:16. Properties of Solids. It will be seen that this definition of the 
solid state suggests a further classification of solids according to their 
possession of rigidity and strength. It is possible, though not certain, that 
all solids possess rigidity. They may, however, be devoid of strength. 

There is only one state of solids in which they are quite lacking in 
strength. In this state they are amorphous and practically uniform 
throughout. There is another state, however, bearing, at first sight, a 
close resernblance to the last, in so far as solids in this state are also 
amorphous and uniform, but differing from it in the possession of con- 
siderable strength. Both states are commonly described as vitreous or 
glassy. The difference between them is so important, however, as to merit 
a difference in nomenclature. The former will here be called the lique- 
vitreous and the latter the durovitreous state. Any given vitreous substance 
is of the former type above a certain critical temperature, and of the 
second type below that temperature. This critical temperature is, of course, 
to be carefully distinguished from the critical temperature encountered 
in the discussion of the transition between the liquid and gaseous states. 
This is true for instance of all ordinary kinds of glass and of fused silica. 
The transition is usually gradual. Thus in one kind of hard glass with 
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a critical temperature of 750° the strength below 750° has been found 
to vary roughly as (750 — V)?, where V is the temperature. In a soft 
glass the critical temperature may be something like 400°-450°. All 
vitreous substances are isotropic. 

Another type of solid state is the state characterized by the existence 
of a definite crystalline form. The crystalline state is inherently weaker 
than the durovitreous, because every crystal possesses cleavage planes, 
over which slip may take place for stress-differences much less than are 
required to produce plastic flow in the durovitreous state. Dr A. A. 
Griffith informs me, for instance, that he has maintained vitreous silica at 
room temperature for a week at an elastic extension of 5 per cent., without 
detecting any flow. If there had been a flow of 0-005 per cent. of the 
length of the fibre he could have detected it. This corresponds to a far 
greater stress-difference than could be withstood for so long by any sub- 
stance in the crystalline state. 

No crystals are isotropic; even cubic ones behave differently with 
regard to stresses along the diagonals and normal to the faces. In actual 
rocks, however, the crystals are orientated in all directions and usually 
are not even all of one kind. Hence the differences in elastic properties 
in different directions shown by different crystals will be expected to 
balance one another, and so long as we are dealing with masses of rock so 
large as to include a very large number of crystals, we may regard them 
as isotropic. 

Vitreous substances often tend to crystallize when near particular 
temperatures, which may be above or below the critical temperature. 
If the temperature of crystallization is above the critical temperature, 
crystallization is resisted only by viscosity, and therefore must occur if 
sufficient time is allowed. If, however, it is below the critical temperature, 
the strength of the durovitreous matter may be enough to withstand the 
stresses involved in crystallization, and crystallization will then be im- 
possible. The strength increases rapidly with decrease of temperature; 
hence if a substance is cooled sufficiently quickly through the liquevitreous 
state and the hotter part of the durovitreous state, crystallization may 
not have time to start, and may be afterwards permanently prevented. 

The lack of strength of liquevitreous substances, combined with 
the use of the same name for both them and durovitreous substances, has 
led to a widespread belief that all substances of both classes are ‘super- 
cooled liquids’ and able to flow to an indefinite extent under any stress- 
difference, however small, provided it is maintained for a sufficient time. 
The latter statement is true of liquevitreous substances, but not of 
durovitreous ones; the former depends on the definition of ‘super- 
cooling,’ and will not arise in the present work. Ordinary window 
glass resists the stress due to its own weight for hundreds of years 
without appreciable set, a longer time than has been available in any 
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experiments supporting the statement that all glasses are devoid of 
strength*. 

In addition to the above types of solid, there are two types of frag- 
mentary solid. Some solids are composed of a vast number of small 
particles, which may be fastened together by a matrix or quite free. In 
the former case the solid follows the rules for mixtures already elaborated. 
The only need for special warning is that the matrix may be stronger than 
the particles; as may be seen from an inspection of an ordinary piece of 
broken brick concrete, where the fracture goes through the fragments of 
brick instead of through the cement or along the boundaries between brick 
and cement. If there is no matrix, strain again follows the usual rules 
until it becomes great enough to make the particles roll or slide over one 
another, after which the substance behaves more or less like a solid 
showing elastic hysteresis and plasticity together. 


11:2. Probable Mechanical Properties of the Earth’s Crust. Coming now 
to the application to the earth of this account of the properties of matter, 
we notice that rigidity, viscosity, and strength all increase as the tempera- 
ture falls from the melting point, but that whereas strength may remain 
zero until cooling through some hundreds of degrees has taken place, 
viscosity is certainly, and rigidity probably, considerable as soon as the 
substance is below the melting point. We shall expect that the rocks of 
the earth’s crust, where they have cooled by only a few degrees since 
solidification, will have no strength, but that where they have cooled by some 
hundreds of degrees their strength may become considerable. The question 
is complicated by the high pressures prevailing at considerable depths in 
the earth’s crust; but it will be observed that by hypothesis the initial 
temperature at any depth was the melting point appropriate to the 
pressure at that depth, and that just below the melting point every sub- 
stance is lacking in strength, but has by definition considerable viscosity 
and probably considerable rigidity. These statements are true whatever 
the pressure; all we need to assume is that the temperature interval 
between solidification and the acquirement of strength remains of the 
same order of magnitude at the pressures existing at depths of some 
hundreds of kilometres as it is'at the surface. If this plausible hypothesis 
be granted, it follows that the rocks at a depth of 700 km. can have no 
appreciable strength, that those at a depth of 300 km. may be just ac- 
quiring it, and that those at a depth of 30 km. may be very strong. Rocks 
at all depths, however, may have great rigidity. The rigidity may be 


* For other considerations concerning the relations of the vitreous states to the crystalline 
and liquid states, see Beilby, Aggregation and Flow of Sclids, 1921; A. A. Griffith, Phil. Trans. 
A, 221, 1920, 163-198; Jeffreys, Proc. Camb. Phil. Soc. 24, 1928, 19-31. My own view is 
that the fundamental states of matter should be considered as gaseous, crystalline, and 
vitreous. The liquid state is a compromise between the gaseous and vitreous ones; the fact 
that it is a common state tends to convey an entirely erroneous impression that it is easy 
to understand. 
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greater than that of rocks of the same constitution at the surface; for the 
rigidity is raised by pressure, and this effect may be enough to counteract 
the reduction due to the greater temperature. 


11-21. Let us consider the stresses in the crust due to the weight of 
a series of parallel ranges of mountains. We saw in 10-5 that if the elastic 
constants (i.e. the incompressibility and the rigidity) are the same through- 
out the crust, and if the depth of the crust is more than, say, half the 
distance between consecutive ridges, the maximum stress-difference will 
occur at a depth approximately equal to 1/27 of the distance between 
consecutive ridges, and will be equal to 2/e times the weight of the excess 
load per unit area where it is greatest. Now consider a series of ranges 
3 km. in height above the mean level of the land. Taking the density as 
2-7, we find the maximum stress-difference to be 6 x 108 dynes/cm.? The 
crushing strength of basalt is 1-2 x 10° dynes/cm.? Thus if the earth’s 
crust were uniform and of the same strength as basalt in the laboratory, 
the weight of mountain ranges comparable with the Rockies and the Alps 
would be insufficient to produce plastic deformation of the crust at any 
depth; the weight of the Himalayas might be just sufficient. 


11:22. When the reduction of strength with depth is taken into account, 
this statement evidently requires some qualification. If the earth has a 
thin strong crust, resting on a deep layer with no strength, any inequality 
capable of producing appreciable stress-differences in a uniform crust must 
produce plastic deformation in the actual crust. The weak matter will 
flow out laterally, and the upper crust will bend down, the amount of the 
depression being determined by the elasticity of the crust and the density 
of the weak matter, in accordance with the discussion of Chapter X. 
In the process the stress-differences in the upper crust will be increased, 
becoming greater than the maximum stress-difference in a uniform crust. 
If the distance between consecutive ridges is large in comparison with 
the depth of the layer of weakness, the approximation of 10-6 will become 
applicable. In this case the extent of the depression is such that the weight 
per unit area of the weak matter that flows out is nearly equal to the 
pressure applied over the surface, which is itself equal to the weight of 
added matter per unit area. Thus the effect of flow in a thin crust will 
be that the total quantity of matter in a column of given cross section 
down to a place in the layer of weakness to a given depth below the 
original surface will be unaltered by surface displacements. 


11:23. The discussion of the last paragraph is still too simple an account 
of the facts. In the actual crust we should not expect that the rocks of 
the crust would have a uniform strength down to a certain depth, and no 
strength below that depth. Thus the last result does not represent the 
true state of affairs, but it provides a basis for further investigation. We 
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should expect a gradual variation of strength, possibly distributed over 
some hundreds of kilometres in depth; for the extent of cooling since 
solidification decreases continuously with depth, while the pressure in- 
creases continuously. Even in glasses of uniform composition the reduction 
of strength in passing from the durovitreous state to the liquevitreous 
state is gradual, and in the earth’s crust the change must be gradual both 
for this reason and because rocks are in general mixtures. Hence a con- 
tinuous decrease of strength would be expected, starting at the layer of 
greatest strength, whose depth is so far unknown, and finishing at a depth 
of about 400 km., below which strength is probably absent. The conse- 
quence will be that additional pressure applied over the surface will produce 
plastic deformation, not only in the region of zero strength, but also in 
all places above it where the stress-differences produced exceed the 
strength. Thus it is possible that the major part of the flow involved in 
the adjustment of the earth’s crust to superficial inequalities may take 
place at depths much less than 400 km. If so, the crust may be treated as 
thin when the horizontal extent of the inequalities considered is much 
less than the 3300 km. given by 10-6 (8) for a crust of this thickness. 


11-24. It will be noticed that the uniformity of mass per unit area over 
the earth’s surface, inferred to hold when the crust is thin, would imply 
the absence of any superficial inequality if the density of the added matter 
was equal to that of the matter where flow first occurs; for to produce 
this uniformity the depth of matter that flows out would have to be equal 
to that of the added matter, and thus the depth of the matter in a vertical 
column would be the same as before. Hence no superficial inequality could 
persist if the crust were thin and the density uniform. If, however, the 
lightest matter was on top, when the adjustment was complete the depth 
of matter that flowed out would be less than that of the added matter, 
and then a projection would remain on the surface; but the greater 
part of the added matter would sink below the original surface in the 
process, and the projecting portion would correspond only to the visible 
portion of an iceberg, the part below the surface corresponding to the 
much larger portion of the iceberg that lies below the surface of the water. 


11-25. The discussion of Chapter X referred to a flat earth of infinite 
extent. The results are readily adapted to give an interpretation that takes 
account of the finite size of the earth. It was seen that the stress-differences 
decreased rapidly with depth, so that a depth could always be found such 
that the stress-differences below it produced by a given load on the surface 
would not exceed any assigned limit. The hydrostatic state, in which the 
stress-differences are zero, would be approximately undisturbed below 
that depth. Now in the actual earth, if the strength below a certain 
depth is zero, the hydrostatic state must exist below that depth and be 
unaffected by surface load. An important property of the hydrostatic 
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state is that the surfaces of equal density, equal gravitation potential, 
and equal pressure coincide. Our condition is therefore that the pressure, 
density, and gravitation potential below the layer of weakness are un- 
affected by surface load; and if the load is of such an extent that the 
crust can be regarded as thin, the mass per unit cross section in a column, 
cut down to some definite equipotential surface within the layer of weak- 
ness, will be unaffected by surface load, and will be the same for all places. 


11-26. It has been seen that a great difference is to be expected be- 
tween the adjustment of the earth’s crust, on the one hand, to inequalities 
whose horizontal extent is so small that the stress-differences they produce 
reach their maxima far above the layer of weakness, and on the other 
hand to inequalities whose horizontal extent is large. In the former case 
the flow produced is inappreciable, and hardly affects the mass in a vertical 
column; any matter added, or any valley denuded away, produces directly a 
disturbance of gravity, which is not appreciably reduced by outflow below. 
In the latter case, the addition of extra mass to the surface will produce a 
disturbance to gravity in its neighbourhood, but the reduction of mass 
below will cause the anomaly to be much less than if the earth was 
undeformable. A great deal of observational evidence has been acquired 
concerning the effect of surface inequalities on gravity, and this will now 
enable quantitative tests to be applied to the theory so far developed. 


11:3. Effect of Uncompensated Surface Inequalities on Gravity. The older 
geologists and geodesists regarded mountains as composed of matter of 
much the same density as the rest of the crust, and it was not realized 
that their weight would be expected to pro- 
duce any deformation of the material below 
them, nor that the density of the matter 
below a mountain range might differ system- 
atically from that of the matter at an equal 
depth below a plain or even an ocean. Now 
if a mountain is considered merely as an 
extra mass superposed on a_ previously 
uniform crust, and its deforming effect on 
the interior is ignored, it is possible to com- 
pute its gravitational attraction on bodies 
in its neighbourhood. The attraction can 
also be found experimentally, and the result Fig. 14. 
compared with that calculated. The experiment was carried out on several 
mountains during the eighteenth century, but the results were in conflict. 

The principle of the measurement of the attraction of a mountain 
may be illustrated by means of the above figure. Let A and A’ be two pivots 
on opposite sides of the mountain, from which two pendulums are sus- 
pended. Let O be the centre of the earth, supposed spherical. Let AS, 
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A'S’ be lines joining A and A’ to a fixed star in the plane AOA’, and let 
AD, A’D’ be their prolongations past A and A’. Then the angle AOA’ 
is nearly AA’/R, where RF is the radius of the earth. Now AA’ can be 
found from surveying operations, and therefore AOA’ is determinable. 
Let its value be «. But we have, since AS and A'S’ are parallel, 


OAD + OA'D' = AOA’ = a. 


Next, the zenith at A, say, is defined to be on the prolongation of the 
plumb-line past its point of support. Hence the zenith distance of the 
star is equal to PAD. But the zenith distance is observable. Thus we can 
find PAD and P’A’D' from observation. Let their sum be fb. Then we 
have by subtraction 

OAP—- OATP’= B — a, 


But if the mountain had no deflecting effect, the two pendulums would 
point straight towards the centre of the earth, and therefore OAP and 
OA'P' would both be zero. Hence 8 — a is equal to the sum of the de- 
flexions of the plumb-line at the two stations owing to the attraction of 
the mountain. 

Now if g be the intensity of gravity, and the bob of the pendulum AP 
be exposed to a small horizontal acceleration y due to the mountain, the 
deflexion of the pendulum is, by the ordinary rules of statics, y/g. Hence 
if y’ refer to the other pendulum, 

ey, ee ee) 
The accelerations y and y’ are calculable from the law of gravitation, if 
the region has been surveyed, and therefore this relation affords a test of 
the theory. 

The first attempt to use this method was apparently made by Bouguer*. 
The sum 6 — a of the deflexions due to the mountain Chimborazo was found 
to be very much less than that calculated from the law of gravitation. 
At that time the constant of gravitation was known only vaguely, but 
the defiexion of the plumb-line was much less than could be reconciled 
with any reasonable value. Maskelyne, in 1774, repeated the experiment 
at Schiehallion, in Perthshire. His results gave 
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The value of y + y’, namely 
y+ y' = 0-06 cm./sec.? 
inferred from this, was used to estimate the constant of gravitation, and 
hence the mean density of the earth. The density was found to be 4:71. 
This is decidedly lower than modern estimates, but the discrepancy is 


much less than that found by Bouguer. A repetition by Petit} in the 
Pyrenees showed that their attraction was not only small, but actually 


..,,, * La Figure de la Terre, Paris, 1749. 7 Comptes Rendus, 29, 1849, 729-734. 
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negative; the plumb-line appeared to be deflected away from the moun- 
tains. Indeed the attraction of mountains was generally found to be 
nearer to zero than to the values calculated on the supposition that the 
underlying matter was of normal density. Schiehallion was an exception 
to the general rule; the reason it Was exceptional was probably that it 
was of smaller size, so that the attraction of the displaced matter below 
was mainly vertical and did not deflect the pendulum much. 

The modern development began with a discussion by Archdeacon 
Pratt* of the deflexions of gravity observed in India by Everest. These 
deflexions were too great to be attributed to errors of observation, but 
they were only about a third of what would be produced by the attraction 
of the mountains, treated as additional masses. 


11-31. Another method of testing the attraction of a mountain is to 
consider the intensity of gravity on top of it, instead of the direction at 
its sides. For this purpose it will be sufficient to regard the mountain as 
flat; this is justifiable, for the width of a mountain or range of mountains 
is always much greater than its height. If the mass of the earth be J, its 
mean density p, and its radius a, the intensity of gravity at the surface is 


C= {Mla = Safpyot cero i: 
where f is the constant of gravitation. At a height h above the surface, 
in the free air, the intensity of gravity is 

M M 2h 2h 

ae ee (1 ee =) _, ( a =) ae (2), 
h? being neglected. If instead of the interval between sea-level and 
height / being filled with air, it is occupied by a mountain of density p’, 
it is known from the theory of attractions that it will add an amount 
2nfp’h to the attraction above it. Hence the total intensity of gravity at 
the top of the mountain, on the hypothesis again that the matter below 
it is of normal density, is 


2h ree 2h  2nfp’h 
a(lnG) a eae le aay 
2h 3p’ h 

=9(1- F456 2) ee eccccee (3) 


by (1). Hence the excess of gravity at the top of a mountain over its value 


; 2gh 3 p- 
at sea-level is @ (a ae ; ). In actual cases p’ is always less than py, 
0 


and therefore this anomaly is always negative. In other words, the gravity 
on a mountain top is less than elsewhere. This formula was obtained 
by Bouguer. As in the case of the deflexion of the pendulum, it was 
found when tested to give considerable errors; the actual anomaly of 


* Phil. Trans. 145, 1855, 53-100. 
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gravity on the top of a mountain was nearer to — 2gh/a than to the 
Bouguer formula. 


11-4. Compensation. It is seen from an examination of the formula for 
the gravity anomaly that only the second term arises from the attraction 
of the mountain itself. Thus the statement that the gravity anomaly on 
the top of a mountain is equal to — 2gh/a implies that it is the same as 
if the mass of the mountain were zero, its height remaining the same. The 
hypothesis that the mountain is an egg-shell gives better accordance with 
truth than the hypothesis that its weight does not deform the interior. 
A hypothesis virtually identical with the former was offered by Boscovich* 
when he suggested that mountains were swellings caused by the earth’s 
internal heat, no extra matter being added. Cavendisht also suggested, 
in a manuscript of 1772-4, that the matter below the stations in the Andes 
was of abnormally low density. The use of this formula was reintroduced 
by Fayet; it is usually known as the Free Air hypothesis. 

Thus with regard both to the deflexion of the plumb-line and to the 
intensity of gravity, the attraction of a mountain is very much less than 
it would be if a deformation were not produced below. But this is exactly 
what would be expected from the theory of the deformation of the layer of 
weakness by superficial load. It has been seen that the mass under a given 
area lost in any deformation of a thin crust lying on a weak interior is nearly 
equal to that added on top. The two effects balance, so that the mass 
in a vertical column of unit cross section is unaltered, instead of being 
increased by the mass per unit area of the mountain added, or decreased 
by the mass per unit area denuded away from a valley. Hence the extra 
attraction in any direction due to a mountain is partly neutralized by the 
diminution in the attraction due to the loss of mass below it. The failure 
of the Bouguer formula to fit the facts, and the rough agreement with 
fact of the Free Air formula, are therefore in accordance with the theory 
so far elaborated of the strength of the earth’s interior. 


11-41. A qualitative explanation of the facts discovered by Pratt was 
given by Airy§. His theory is practically that developed here; he con- 
sidered the earth as having a thin solid crust, supported on a weak, but 
not necessarily fluid, substratum, and showed that the elastic resistance 
of the crust to bending might be so small that any extra load added would 
push the crust down until the load was balanced almost wholly by the 
upward pressure of the material below. The smallness of the disturbance 
of gravity due to the visible surface topography follows as a natural 
consequence. Airy remarks indeed that Pratt’s results ought to have been 


* De Litterarra Hxpeditione per Pontificiam Ditionem, 1750, p. 475; or Todhunter, 
Mathematical Theories of Attraction, 1, 313. 

+ Papers, 2, 1921, 404. t Comptes Rendus, 90, 1880, 1443-1446. 

§ Phil. Trans. 145, 1855, 101-104. - 
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anticipated, for the notion of a crustal layer with a magmatic substratum 
was a familiar one at the time. The earliest reference to it that the writer 
has traced was by Sir John Herschel*. It was inferred from the fact that 
the vertical variation of temperature in the crust, if it continued to & 
depth of some tens of kilometres, would lead to fusion there; and though 
the argument is much too simple a statement of the problem, the estimate 
it gives of the thickness of the strong layer is not far different from that 
in 11-2. Airy, in his paper, considered thicknesses up to 160 km. 

Pratt did not accept Airy’s theory, on three grounds, which are now 
of historic interest onlyt. It has been noticed in 11-24 that if the under 
layer was of the same density as the upper one when adjustment took place, 
balance would not be attained until the surface inequalities were quite 
effaced. If the lower layer was the less dense, equilibrium could not be 
attained at all until our approximations had brokendown. Pratt, considering 
the lower layer to be of the same material as the upper one, but liquid instead 
of solid, considered that on Airy’s theory the lower layer would be the less 
dense, and that the mechanism would fail. But now that the lower layer is 
known to be of adifferent material from the upper one, with a greater density, 
this objection has lost its force. It is not, however, obvious that the weak 
layer reaches up to the top of the lower layer of seismology; it may be 
at a considerable depth within it. Its depth can be determined, if at all, 
only by examining its effects on gravity. 

Pratt proposed the alternative hypothesis that the development of 
_ surface features is due to the vertical expansion of columns of rock down 
to a certain uniform depth; the expansion is the same at all points of the 
same column, but differs from one column to another. There is no change 
of mass within any column, and therefore the smallness of the disturbance 
of gravity agrees as well with this theory as with Airy’s. There are, 
however, fatal objections to it, for it does not account for the facts in the 
very cases where they are best ascertained. Geological observation has 
established that mountain formation is not a matter of simple uplift, but 
that folding and thrusting take place to such an extent that the rocks in 
a transverse section of a range must have been originally spread out so 
that their horizontal width was greater than now by tens or even hundreds 
of kilometres. Denudation has lowered the surface, especially in moun- 
tainous regions, by distances comparable with the present heights of the 
mountains; and redeposition in deltas has raised the surface there by 
comparable amounts. All these phenomena are essentially horizontal dis- 
placements of mass. Observations of gravity make it clear that they do 
not lead to great departures from isostasy, yet by their very nature Pratt’s 
hypothesis is inapplicable to explain how compensation is maintained. 

Modifications of the hypothesis to meet these difficulties have been 


* Proc. Geol. Soc. 2, 1837, 597. 
t Phil. Trans. 149, 1859, 745-778. Cf. also Geol. Mag. 65, 1928, 280. 
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proposed, but each seems to introduce new ones. The abandonment of the re- 
striction to vertical movement makes it possible to explain folding, in certain 
conditions. But if the theory is to do so the rock whose initial expansion 
starts the movement must become stronger than the rocks folded; other- 
wise it will itself yield and be forced vertically upwards. The conditions 
associated with expansion are not often associated in nature with an 
increase of strength. The folding, again, will not take place on the spot, 
but some distance away.among the rocks not yet altered, and will therefore 
involve horizontal compression and increase of mass per unit area, which 
will have to be compensated by further horizontal movements below. The 
hypothesis therefore still fails to explain the compensation of mountains. 

It has been suggested also that contraction of volume may lower the 
surface and thereby create a place where deposition will occur. This only 
introduces a further dilemma. Either the contraction involves horizontal 
movement, in which case it will produce a departure from isostasy which 
will persist until late in the process of deposition: or the movement will 
be purely vertical, and accumulation of sediments will destroy isostasy. 

Pratt’s hypothesis therefore fails to explain how isostasy is maintained 
in any of the principal geological processes leading to the development of 
surface features. The alternative hypothesis that surface changes lead to 
changes of density of just such an amount as to maintain isostasy succeeds 
no better. Changes of mass cannot be admitted, and the maintenance of 
isostasy during the formation of a delta requires that the density should 
diminish as the pressure increases, contrary to the properties of ordinary 
matter. 

The theory fares no better in accounting for the compensation of the 
ocean basins. Whereas the rocks of the continents are mainly granitic or 
derived from granite, those of oceanic islands, which are the best approxi- 
mation to the ocean floor yet accessible to us, are basic. The difference 
between the continents and the ocean floor is a fundamental one of 
chemical composition, and could not have been produced by a mere change 
of physical state. 

It is not intended, of course, to imply that expansions and contractions, 
raising and lowering the solid surface, have not occurred, or that they would 
necessarily destroy isostasy if they did occur. What does seem clear is 
that they cannot account for compensation in just those most conspicuous 
features of surface relief where it is best known to exist. 

In what follows the mechanics of Airy’s theory, which accounts auto- 
matically for the compensation of all surface irregularities, however pro- 
duced, will be adopted. It provides that every surface projection or de- 
pression large enough to produce permanent deformation in the weak 
layer will be compensated. The strong layer will be usually called the 
lithosphere, and the underlying one the asthenosphere, following Barrell*. 

* Journal of Geology, 1914-15. 
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The distinction between them is not very definite, as the actual transition 
in properties is probably continuous, but it is nevertheless worth making. 
The thickness of the lithosphere is a matter for special investigation ; it is 
not obviously identical with any of the layers revealed by seismology or 
even with any set of them. 

It may be remarked that Airy has never received proper credit for his 
contribution to the theory; in fact it is customary for geodetic writers, 
even when using his principle of the squeezing out of the weak but dense 
substratum, to attribute the essentials of the theory to Pratt, .whose 
reputation can rest quite well on his discovery of theAacts. 

The name isostasy was coined by Major C’ E. Dutton*. Some 
writers use compensation to denote the fact of approximate uniformity of 
mass over the earth within vertical columns of the same cross section 
extending down to a standard equipotential surface, and restrict ‘isostasy’ 
to the physical process that leads to the establishment of this state. 


11-42. The depression of the crust by the weight of the extra matter 
on top must in general extend some distance beyond the margin of that 
matter, so that the compensation is not strictly confined to places vertically 
below the surface inequalities; it is spread some distance around them. 
This is expressed by saying that the compensation is regional. If the 
compensation was not spread out in this way it would be local. Also the 
compensation may be uniformly distributed with regard to depth, or 
concentrated in one or more definite layers. In most of the published 
work relating to isostasy the idea of uniform compensation is attributed 
to Pratt, since he adopted a uniform expansion in his explanation of 
surface inequalities, and compensation concentrated in a single layer to 
Airy. This difference is much less fundamental than the one that actually 
led Pratt to reject Airy’s interpretation of the data. It is easy to see, in 
fact, that uniform compensation would be entirely consistent with Airy’s 
mechanism. Suppose that the density of additional matter on top is p’, 
and its thickness k. Then the additional mass per unit area is p’k. Again, 
let the density of the matter at the level where outflow takes place be py. 
Then compensation would be attained if the depression of the crust was 
p'k/p), for this would make the mass expelled below equal to that added 
on top. If we neglect compressibility, this depression requires that the 
density after deformation at a height x above a fixed equipotential surface 
within the layer of weakness must be equal to the original density at 


height x + p’k/py, and is therefore p + ee bs , where p is the original 
nae 
density at height x. The effect of the deformation is to increase the density 


Ade 


t a gi lace b - 
at a given place by mores 


which is in general negative, and is constant 


* Bull. Wash. Phil. Soc. 11, 1889, 51-64; reprinted J. Wash. Acad. Sci. 15, 1925, 359-369. 
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if p is a linear function of x. Uniform compensation down to a given depth 
is therefore to be expected if the variation of density down to that level 
is linear*, but if the density changes suddenly at any level the deficiency 
of mass will appear to be concentrated near that level. The decision 
between uniform compensation and compensation at a single depth does 
not depend on the mechanism of isostasy, but only on the normal distri- 
bution of density with depth. Now the evidence of near earthquakes 
makes it clear that the variation of density is actually concentrated near 
particular levels, namely the transitions between the granitic, intermediate, 
and lower layers. The transitions may be gradual, but the changes in 
properties within each of the upper layers are small compared with those 
from one layer to the next. Compensation must therefore actually be 
concentrated near the bases of the granitic and intermediate layers. 


11-5. Let us now consider the question from the other side and see 
what observation of gravity tells us, and what it is capable of telling us. 
Geodesists have proceeded as a rule by comparing the observed intensity 
and direction of gravity with those calculated on three hypotheses: the 
Bouguer hypothesis, the Free Air hypothesis, and that of uniform local 
compensation distributed to various depths. The effects of compensation 
are easiest to calculate if it is uniform and local, but compensation con- 
centrated at the base of a single uniform layer has recently been examined 
in an important work by Heiskanen}. The largest investigation of gravity 
carried out so far is that of the United States Coast and Geodetic Survey, 
under Hayford and Bowie. MHayford, following up some earlier work 
of Putnam, studied the deflexions of gravity within the United States, 
and found that the uniform compensation that suited them best extended 
to a depth of 122 km.t Bowie later considered the anomalies in the in- 
tensity of gravity, and found the best depth to be 96 km.§ To indicate 
the degree of agreement the results in the tables on p. 196 are reproduced 
from his paper. In this tabie H is the depth reached by the compensation, 
assumed uniform. 

It will be seen that if H was infinite, the change of density would be 
zero at all depths, and there would be no disturbance of gravity other 
than that due to the elevation itself. Thus the case of infinite depth of 
compensation corresponds to the hypothesis of an undeformable earth. 
If is zero, the compensation is all concentrated in the surface, so that 
the mountain has no attraction, and we have the Free Air hypothesis. 
Thus the hypothesis of uniform compensation includes the Bouguer and 
Free Air hypotheses as particular cases. 

* Jeffreys, Proc. Roy. Soc. A, 100, 1922, 131. 

+ Veroff. d. Finn. Geoddt. Inst. 1924, 1-96. 

{ Pigure of the Larth and Isostasy, 1909; Supplementary Investigation in 1909, 1910. 

§ Investigations of Gravity and Isostasy, U.S. Coast and Geodetic Survey, Special Publi- 


cation 40, 1917. 
13-2 


196 The Theory of Isostasy 


In the first place, we see by inspection of these tables that no solution 
makes the mean of all the residuals without regard to sign less than 
0-018 cm./sec.2 This is to be regarded as representing the irregular varia- 
tion, and no mean residual can be considered significant unless it decidedly 
exceeds this standard. We notice then that no residual for coastal stations 
or stations within 325 km. of the coast can give useful information con- 
cerning the accuracies of the four hypotheses. In interior stations, not in 
mountainous regions, the Bouguer hypothesis begins to fail, giving a mean 
residual of 0-033 without, and — 0-028 with, regard to sign. In the moun- 
tainous regions, below the general level, the mean Bouguer anomaly has 
become 0-108 without, and — 0-107 with, regard to sign; and in moun- 
tainous regions, above the general level, it reaches 0-111 without, and 


Mean residuals without regard to sign. 


H=a H=0 H= V4 km. hl — 60 = 
Coast stations as 0-021 0-022 0-018 0-012 © 
Stations near coast Ceithin 325 ion ) 0-025 0-023 0-021 0-020 
Stations in interior (not in moun- 
tainous regions) ... le see 0-033 0-020 0-019 0-019 
Stations in mountainous regions, 
below general level Bae ae 0-108 0-024 0-020 0-018 
Stations in mountainous regions, 
above general level iss ae 0-111 0-059 0-017 | 0-022 
Mean residuals with regard to sign. 
H=a t=O H=114km. H=60 km. 
Coast stations eas + 0-017 + 0-017 — 0-009 — 0-003 % 
Stations near coast (ein. 325 in - + 0-004 + 0-017 — 0-001 + 0-002 
Stations in interior (not in moun- 
tainous regions) ... wee mee — 0-028 + 0-009 — 0-001 — 0-001 
Stations in mountainous regions, 
below general level a0 oe — 0-107 — 0-008 — 0-003 0-000 
Stations in mountainous regions, 
above general level eee se — 0-110 + 0-058 + 0-001 » + 0-016 


The unit in each case is 1 cm. oe (not 1 dyne as stated by the original author). 


— 0-110 with, regard to sign. In no case has the anomaly on either Hayford 
hypothesis risen above the ordinary limits of irregular variation. This is 
sufficient to make the Bouguer hypothesis untenable; the close agreement 
in absolute value between the residuals with and without regard to sign 
shows that the hypothesis is in error in the same sense at nearly every 
station. Some form of compensation must therefore be admitted. 

The Free Air hypothesis is in sufficient agreement with the facts in the 
first four lines of each table, but breaks down completely when applied to 
the mountain stations, above the general level of the neighbourhood. As 
on the Bouguer hypothesis, the residual has the same sign at nearly every 
station; but the error is systematically in the opposite direction. 

The discordance, in opposite directions, of the hypotheses of the un- 
deformable earth and of massless mountains with the observed variation 
of gravitation is conclusive evidence of the existence of some form of 
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compensation within a finite depth. It is found that the residuals are 
made smallest for mountainous regions if the depth of compensation is 
taken to be 96 km., and for the less elevated regions if this depth is about 
60 km.; but where the inequalities are small they could produce little 
disturbance of gravity even if they were uncompensated, and therefore 
little weight can be attached to a determination of the depth of com- 
pensation from them. The data are quite well represented by a uniform 
depth of compensation of 90 to 100 km. Helmert’s estimate from Huropean 
data was about 118 km. 

Heiskanen has compared the gravity observations in the United States 
with those calculated on various hypotheses of compensation concentrated 
at the base of a single layer. He finds that the average depth of the bottom 
of this layer that fits the facts best is about 50km., and that the fit it 
gives is slightly better than that given by the hypothesis of uniform com- 
pensation at its best. He has extended the comparison to the Swiss Alps, 
the Austrian Alps, the Harz Mountains, and the Caucasus, and in each 
case he finds that compensation concentrated at a single level fits the 
observations as well as or rather better than compensation uniformly 
distributed down to a certain depth. His result, so far as it goes, confirms 
our inference from other considerations that the compensation should be 
concentrated in one or two surfaces. The single surface he obtains is 
estimated to be at a depth below sea level of 50 km. in the United States, 
77 km. in the Caucasus, and 41 km. in the Alps. Since the hypothesis he 
is testing refers explicitly to an upper layer of variable thickness, the 
actual thicknessin the mountains exceeds the normal thickness appreciably. 


11-6. Heiskanen’s discussion, like those of Helmert, Hayford and 
Bowie, has the valuable feature that it rests on a definite assumption with 
@ unique answer, which can be made the basis of further work. It does 
not follow that the answer is in close agreement with the facts till certain 
other questions have been examined, namely, 

(1) whether the observations would be equally well fitted by several 
different distributions of density in the crust; 

(2) if so, which of these distributions is favoured by other evidence; 

(3) whether the differences between theory and observation that still 
remain are too great to be attributed to errors of observation, and if go, 
to interpret them. 


11-61. The first question is capable of a definite answer. It is only 
some distributions of gravity over a sphere that can be explained at all 
by internal anomalies of density: the condition for such explanation is 
practically that when the values of gravity at the surface are expressed 
as the sum of an infinite series of spherical harmonics, the series shall 
converge like a geometrical progression. When an arbitrary function is so 
expressed the series usually converges only like Xn~?, where n is the number 
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of the term and p a small positive number. Special conditions are therefore 
necessary for any solution to exist. Further, the convergence fixes a limit 
to the depth where the anomalies of density are situated. If they are at 
depth h, and the radius of the earth is a, the series will converge faster 


than 22", where® ee a te eee (1). 
If then x is determined from the series, 
i 
ened WL i SS 2). 
h<alog zs (2) 


If the wave-length of the gravity anomaly to be explained is A, measured 
as twice the distance from a maximum to the nearest minimum, there is 
a strong presumption that it arises from an anomaly of density at a depth 
of A/7~ at most. 

On the other hand, if the anomalies of gravity can be explained by 
inequalities of density at any depth, they can be explained equally well 
by such inequalities at any smaller depth. In fact if we have a particle 
of unit mass at distance a — h from the centre of the sphere, and we take 
any concentric sphere of radius b between a — h and a, the field produced 
by the particle at points outside the sphere of radius 6 is exactly equivalent 
to that produced by a distribution of matter over this sphere of density 
6b? — (a — h)? 

A4abr 
point on the sphere of radius bf. But if b was less than a — h, no distribution 
of matter over the sphere would give an external field equivalent to that of 
the particle. 

Now we can consider the disturbance of gravity due to the visible 
inequalities as calculated and subtracted from observed gravity, leaving 
the Bouguer anomalies as the phenomenon to be explained. What 
Heiskanen has shown is that the greater part of these can be explained 
by a surface density at a determinate depth, of amount closely corre- 
lated with the surface height. The fit becomes definitely worse if the depth 
is increased ; but the data will be represented precisely as well by a surface 
density at any smaller depth, provided the extra mass under any spot of 
the surface postulated in Heiskanen’s solution is spread out around it 
according to the rule just given. This amounts to saying that the visible 
protuberances and deficiencies may either be compensated purely locally, 
as in Heiskanen’s discussion, or regionally at a smaller depth. Gravity 
observations cannot decide between these possibilitiest, and the depths 
found by Heiskanen are upper limits to the depths where the compen- 
sation occurs. 


per unit area, where r is the distance from the particle to the 


* Gerlands Beitrdge, 15, 170-172. T Loc. cit. 175-176. 

{t This statement was qualitatively anticipated by G. R. Putnam, in a discussion of 
gravity in the United States (U.S. Coast and Geodetic Survey, Report, 1894, Appendix 1B) 
The attraction of the deep-seated compensation was replaced in this reduction by that of 
the average surface inequality within 160 km., with its sign changed. 
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11-62. The hypothesis of purely local compensation would mean, 
mechanically, that the addition of a load on top depressed the cylinder of 
matter vertically below it down to the asthenosphere, without affecting 
the matter outside this cylinder at all. This amounts to regarding the 
crust as made of vertical floating piles, each able to slide freely up and 
down without interference from the others. It is mechanically possible, 
but extremely unlikely. The probable conditions are (1) that the whole 
crust is coherent, and bends like a beam or an elastic plate when a load 
is added, or (2) that the region where the matter is added is bounded at one 
or all sides by fault or thrust planes, the block between them sinking or 
rising as one piece. In either case compensation will be regional. In the 
first its distribution could be found by the method of Chapter X, or by 
the simpler approximate methods used in the theory of the bending of 
beams. It is found in the latter way* that if a floating plate, of infinite 
length parallel to the axis of x, is bent in two dimensions by a load og per 
unit area over the strip between x = + J, the downward displacement at 
any point is 


y= ape z e-*"—-2) cos a (J — x) — $e-*+) cog a (1+ x)] =l<av<l 
a Needs (2); 
y= ie cos a (w — 1) — e~*@*) cos a (x + ID] Le Beton (2), 
p 
where p is the density of the fluid below, and 
39p 
C= PL eo an A Pee (3), 


where # is Young’s modulus for the plate, equal to about $u for crustal 
rocks, and d is the depth of the plate. This solution may be used as an 
approximate expression of the deformation in the early stages of the 
filling up of an estuary with sediments or the excavation of a river valley. 
The depression would be simply o/p below the plate, and zero outside it, 
if compensation were local. Actually these relations hold approximately at 
distances from the margins greater than + $7/a, but within a belt of width 
a/a centred on the margins the depression varies continuously from a/p 
to zero. 


d?y 


But the bending moment at any point is #, Hd° daz PE unit breadth, 
and d*y/dx? is greatest when 
a (x = l) A182 dar se eceeeee (4), 
apart from the slight effect of the terms in x + J. The greatest tensile 
2 
stress is $d a which at its greatest is 
HB 1 
0-16 Eda? 2 = 0-28 0 (77). abs (5). 
p pa 


* Gerlands Bettrage, 15, 183-187. 
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Now we must take p in the lower layer equal to 3-4; g = 980; H for granite is 
about 7 x 10"dynes/em.? The strength of granite is about 8 x 10°dynes/cm.? 
With d equal to 30 and 50 km. respectively this makes the maximum 
possible values of o equal to 4 x 10° and 5 x 105 gm./em.? respectively, so 
that the depth of material added or removed cannot exceed about 2 km. 
Allowing for the fact that it depresses the crust by about two-thirds its 
thickness, supposing the added matter to have density 2-4 and the matter 
squeezed out below 3-4, we see that this solution will fail whenever the 
height of the surface inequality exceeds about 700 metres. The most un- 
certain factor in this estimate is d, the thickness of the lithosphere. But it 
cannot exceed the depth of compensation found for local compensation, 
and when d is less than this the permissible loading is less. The critical 
strength assumed is the crushing strength of granite at the surface; the 
strength may be greater lower down, but the greatest stress in a bent beam 
is at the surface, and the actual strength there may be lower since sedi- 
mentary rocks are involved. The theory of the bent beam therefore fails 
for the larger inequalities of the crust. 

It should be stated that a mass 700 metres in height, of horizontal 
extent small compared with d, will produce a maximum stress in the 
lithosphere of only about 3 x 108 dynes/cm.?, which could be supported 
easily. Our difficulty does not concern narrow valleys or ridges, but only 
regions where the mean elevation departs from normal over horizontal 
distances so great as to cause great stresses throughout the lithosphere. 
For large mountain systems this is true. It appears therefore that for 
them we must adopt the second alternative, that they are bounded by 
faults, thrusts, or other regions of yield, formed during their development 
or soon after. The compensation is then distributed over the region between 
the extreme planes of failure. Incidentally the result of fracture due to 
overloading or unloading would be faults with throws amounting to some 
hundreds of metres, in general agreement with those of observed faults. 


11-63. On the latter view we may suppose the compensation of a 
surface inequality to fall off linearly with distance from it, reaching zero 
at a horizontal distance /, where the outermost fracture reaches the layer 
where the compensation is. But gravity due to a long narrow strip at 
depth c below a flat surface is equivalent to that produced by a distribution 
of density over this surface proportional to c?/(c? + a). This reaches a 
quarter of its maximum value at a distance c 1/3, which may be taken 
roughly as a measure of J. 

On our theory the compensation would be concentrated at the base 
of the lithosphere if this was homogeneous; but if the density changes 
suddenly within it the compensation will appear to be at the levels where 
the changes occur. In our case it will be half at the bottom of the granitic 
layer, say 12 km. down, and half at the bottom of the intermediate layer, 


Reality of Residuals 201 


36 km. down, and we may regard it as equivalent to compensation at a 
depth of 24km. Now Heiskanen’s depth for local compensation is 41 km. 
for the Alps and 77 km. for the Caucasus, that is, 17 km. and 53 km. 
respectively below the layer where the average compensation is. Then the 
compensation may be considered as spread to distances of 30 and 90 km. 
respectively. For the Alps this would imply thrust planes at an angle 
of the order of 40° to the horizontal, for the Caucasus about 15°. But 
obviously considerable latitude in interpretation remains. The Caucasus 
seem to be abnormal; other mountain ranges give results more resembling 
those for the Alps. 


11-64. The answer to our third question, whether the outstanding 
residuals on any isostatic reduction are real or due to errors of observation, 
is in favour of the first alternative. The probable error of a determination 
of gravity in any of the better surveys is about 0-003 cm./sec.?; the mean 
residual after the depth of compensation has been chosen to fit the facts 
best is still about 0-017 cm./sec.2 Of the various hypotheses that might 
account for the residuals, the most probable seems to be real departures 
from exact isostasy*. The mean residual would correspond to an extra 
thickness of 170 metres of uncompensated matter of density 2-5. The 
corresponding stress on the asthenosphere would be 4 x 107 dynes/cm.? 
But some individual residuals may be three times as great, and the 
strength of the asthenosphere may be as much as 108 dynes/cm.? The 
residuals are not distributed at random geographically, but keep the same 
sign over distances of the order of 200 km., as may be seen from the maps 
in Bowie’s memoir of 1917; stresses due to them are therefore not borne 
by the lithosphere, but must be transmitted to the asthenosphere. 

Rather curiously, an outstanding difficulty of isostasy comes from the 
country where its approximate truth was first recognized. Over the great 
Gangetic Plain gravity is systematically low, and it is high over the flanks 
of the Himalaya and Vindhya Mountains to the north and south. The 
residuals did not yield to any ordinary treatment until Burrard} found 
that they would be explained by a trough filled with alluvium and light 
rocks of density 2-4 to a depth of about 50,000 feet (15 km.). But such a 
depth seems very improbable on other grounds, and the anomalies to be ex- 
plained are only about 0-030 cm./sec.?, not too great to be attributed to real 
departures from isostasy, especially as the width involved is about 300 km. 

It was thought by Barrell that large deltas, such as those of the Nile 
and Niger, represented additional loads on the crust and therefore would 
be uncompensated. These particular deltas have not been surveyed from 
this point of view. But Burrard remarkst that the gravity anomalies over 
the delta of the Ganges are slightly negative, and Bowie§ finds that the 

* Gerlands Beitrdége, 15, 174-175. 


t+ Survey of India, Professional Paper, 17, 1918. t Loc. cit. 6. 
§ U.S. Coast and Geodetic Survey, Special Publication, 99, 1924. 
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eight stations on the Mississippi delta have a mean anomaly of — 0-007 
en. sec. 


11-65. Definite evidence on the thickness of the lithosphere is lacking. 
Barrell gave about 300 km., but this was little more than a guess, resting 
on a mixture of Airy’s mechanics with the hypothesis of uniform local 
compensation. Fractures due to loading usually tend to run at about 45° 
to the greatest stress, and the horizontal extent of the outflow would be 
expected to be comparable withthe thickness jn question. It may therefore 
be comparable with Heiskanen’s depth of-compensation, say 40 to 80 km., 
but it may be as small as 30 km. 


11-66. A mountain range rising 10,000 metres above its adjacent 
valleys would correspond to the case where the v of 10-6 is 1-2 x 10° 
dynes/cm.?, and the stress-difference needed to support it in a uniform 
crust would be about 10° c.g.s. This is near the crushing strength of basalt, 
which could therefore just support the Himalayas if the stresses necessary 
could be distributed over an infinite depth. But a weak layer below throws 
extra stress on the upper part of the crust, and therefore the strength of 
the lithosphere at some depth, even if it is fractured, must be distinctly 
more than that of surface basalt. This is in accordance with experimental 
evidence obtained by F. D. Adams and L. V. King*, who have shown that 
at the pressure existing at a depth of 18 km. and a temperature of 550°C., 
Westerly granite acquires a strength of about 6 x 10° dynes/cm.? The 
strength of the rocks of the crust therefore probably increases downwards - 
till it becomes several times that of surface rocks; at some depth, probably 
about the base of the intermediate layer, it begins to decrease, and may 
be a tenth of that of surface rocks at a depth of 50 km. A variation of this 
type was first inferred by Barrell in a series of papers already mentioned. 


11:7. Summary. A classification of the mechanical properties of matter 
in the solid and liquid states has been given. The apparent small gravi- 
tative effect of mountains is explained on Airy’s lines as due to the 
squeezing out of a weak but dense substratum by the weight of loads 
added on top. It is shown that compensation distributed uniformly down 
to a definite depth would be consistent with Airy’s mechanics, but that 
with the actual structure of the crust compensation is probably concen- 
trated at the bases of the granitic and intermediate layers. It appears 
that a widespread visible inequality more than about 700 metres in height 
would lead to fractures in the lithosphere, and that great mountain ranges 
must be bounded by fault planes and supported by hydrostatic pressure 
and not by the strength of the rest of the lithosphere. The outstanding 
residuals seem to point to a strength in the lower layer of the order of 
108 dynes/cm.*, say one-eighth of that of granite at the surface. 


* Journ. Geol. 20, 1912, 97-138. 


CHAPTER XII 
The Figures of the Barth and Moon 


“There’s mair ways o’ killin’ a pig than by greasin’ 
him wi’ het butter.” Northumbrian proverb. 


12-1. In the last chapter we considered the effect of the weak layer 
within the crust, suggested by thermal theory, on the compensation of 
surface inequalities within the continents, on the scale of the great mountain ’ 
ranges. We have now to extend the same principles to the earth as a whole, 
considering the ellipticity of its figure expressed by the difference between 
its polar and equatorial radii, and the differences between continents 
and ocean basins. Since the departures of the earth and the moon from 
spherical symmetry are small, it is permissible to discuss the various types 
of disturbance separately, and to regard the effects of all together as the 
sum of the portions due to each separately. 


12-141. The Gravitational Potential of a nearly Spherical Body. We shall 
evidently need to know the gravitational forces due to the disturbed body 
itself. Let us consider first the potential due to a homogeneous mass of 
almost spherical form. Its density is to be p, supposed uniform. Take 
spherical polar coordinates with regard to a point near the centre. The 
radius vector to a point on the surface in the direction given by the angular 
coordinates (7, ¢) can be expressed in the form 


ety ye Ve ee eV pees) actin lone (1), 


where the Y’s are spherical surface harmonic functions of 6 and ¢. It will 
be supposed that the mass is so nearly spherical that all the Y’s are small 
enough for their squares and products to be neglected. If the gravitational 
potential at a point (7, 0’, 6’) be U, when the point is outside the body, and 
U, when it is inside, the conditions for the continuity of the potential and 
its normal derivative are easily seen to be satisfied, subject to the above 
proviso concerning the neglect of squares and products of the Y’s, if 


4 Py aie een ey Oe ne ) 
Uy = 3 mpa (- | ye 1 5 rs elete we See a 1 yntd ie OC docoorcdn (2), 
4 3a2— 7? rY,’ 3r*Y,’ Ae Ke) tee 
ee 3 | He ot Se i ee he nN 
Ca s3 ed ( Bai at Bs at ) 7 Onl ae ) Se 


where the Y’’s are the same functions of 6’ and ¢’ that the Y’s are of 6 
and ¢, and f is the constant of gravitation. U, and U, are therefore the 
appropriate values of the internal and external potentials. 
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12:12. Passing now to the case of a heterogeneous body, let the 
equation of the stratum whose density is p be 
por (+ Yo4+ Yet x.) ees eee (1), 
where the Y’s may evidently be functions of 7,. Consider the potential 
due to the shell between the layers where the densities are respectively 
p’ and p’ + dp’. To the first degree in dp’, the contribution to U, due to 
this shell is the difference between the potentials due to two homogeneous 
bodies, both of density p’, one filling the outer of these layers and the other 
the inner. Then the potential due to a homogeneous body filling either 
stratum can be found from 12-11 (2) and (8), and the potential due to 
the layer between the two strata considered is 
a jar Cee CX ae SeuO rel en sof da’ -..(2), 
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where a’ is the value of r, corresponding to p = p’, and other accented letters 

also refer to this layer. By integrating for all layers we therefore find that 
the potential at external points due to the whole heterogeneous body is 

SO aa aat OCs: Sho les ; 

=57t [ego + re 5 Pr TO rH face 


where a is the mean radius of the outer surface of the body. We may find 
the potential at an internal point similarly. If the mean radius of the 
stratum of equal density through the point is 7,, the matter within this 
contributes to the potential an amount 
4 (" BMG) ERBEE 3 eRe 3. aye, 
3 t ne les | Ee 73 Te vaten In+t1 ret 
while the matter outside of it is found from 12-11 (3) in a similar way to 
give 


4 ea) 3 12 , , 3 2V 
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.) da’ (4), 
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Thus U, is the sum of the two expressions (4) and (5). 
12:13. The mass of the heterogeneous body is evidently given by 
Mesein |“p'a’2da’ whe (1). 
We shall frequently have occasion to use the function 
S(7,)=3 | "pla’da’ Se (2). 


Thus S (r,) is 3/47 times the mass within the stratum of equal density 
whose mean radius is 7,. In particular, 


Moments of Inertia 205 


We shall also need to use the moments of inertia of the body and the 
differences between them. If A, B, C denote the moments of inertia about 
the axes of x, y, and z respectively, we have 


A=flfotyete)dr daaansers (4), 


with two similar expressions, each triple integral being taken through the 
body. By subtraction, 


Cr cee [a (22 — 2") tt om a ae ee (5), 
with two similar expressions. Now let us put 
TSO COSC. we fie + | te Mek aany (6), 
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where #& denotes the distance from the centre to the surface in the direction 
given by (9,4). Suppose first that the body is homogeneous. We can write 


sin*Oi= 2 - (4 — cos?@) ea sicciun (10),. 
and the second part of this is a spherical surface harmonic of order 2. Then 


w (20 
c=4] | ‘oS (2 + (4—cos*4)}sinOdbdb 2... (11), 
0/0 
and on substituting for R from 12-11 (1) and neglecting squares of the Y’s, 


w (2r 
ed ae pa’ (1+ 5Y,+ 5Y,+... + 5Y,) {2+ (4 — cos? 6)} sin 6 dO dd 


Now if S,, and S, be any two surface harmonics of different orders we 


know that APN 
i | S,,5, sin 0 dodd = 0, 
0/0 


and therefore when the integrand in (12) is multiplied out and integrated, 
the only terms that do not vanish are 


a [ Qa 
Gia Ae pat | | “¥.(}—cos*6) sin dodé ..... (13). 
0/0 


15 


The harmonics of orders different from 0 and 2 therefore contribute nothing 
to the moments of inertia. 
Now Y, must be of the form 


VY, = (au? + By? + yz? + 2fyz + 2ezw + Bhay)/r?  ...... (14). 
When this is substituted in (13) and integrated, the product terms contain 


factors (i oe on 
sin ddd, ( cos ddd, | sin ¢ cos ddd, 
J0 0 0 


all of which vanish. The other terms in C become 
C= S mpa'+ Bapar(at+BP—2y)  —sseevee (15). 
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If then we retain only the largest terms, we have 
se empae Ss hy alseaines (16), 
C—=A= Sap (ayye dw VOR Wace (ta): 
with symmetrical expressions for the other moments of inertia and their 
differences. It follows that for a homogeneous ellipsoid, if the axes are the 
principal axes, the ratio (C — A)/C is equal to the ellipticity of the section 
by the plane y = 0. 
The two results (16) and (17) can be generalized by the method of 


12-12. We thus get » 
C= Tal pda® 2 0) (ee eee (18), 
0 


Cae al den (19). 


Thus the ratio (C — A)/C for a heterogeneous body is a weighted mean 
of the ellipticities of the strata of equal density. 


12:2. Condition for Equilibriwm of a Rotating Fluid. Consider a body 
in a state of steady rotation about a fixed axis, which will be taken to 
be the axis of z. Let the angular velocity be Q. Then the component 
accelerations of any element of the body are (— Q%x, — Q#y, 0). If now 
any part of the body is under no shearing stress (in other words, if it is fluid, 
or if it is a solid, but has had any stress-differences removed by plastic 
adjustment) the équations of motion will be, asin ordinary hydrodynamics, 


oU ldp 
— 2 SS) SSS Se 
Q oc bo eS ee (1), 
oU 1lodp 
ely = ee eee 2 
oy a (2), 
oU 1dp 
0 ar ee (3), 


where U is the complete gravitation potential, p the pressure, and p the 
density. If we write ee OTC aT 
the equations of motion are together equivalent to the single total differ- 
ential equation 

0 dpirphi Ul Wie ices (5). 


It follows that p is a function of ‘t’, and that p is either the same everywhere 
or another function of ‘’. In particular, if the fluid or quasi-fluid has a 
free surface, the pressure is uniformly zero over this surface, and therefore 
¥ is constant over it. 

It has been seen that the whole of the interior of the earth, at depths 
greater than about 40 km., is probably very weak, and must be still in 
an approximately hydrostatic state, while before solidification this state 
must have held right up to the surface. Accordingly the theory just 
given was applicable to the whole of the earth before solidification, and 
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is still applicable to most of the interior. It is certain, however, that 
changes occurring in the crust at depths less than 40 km. have prevented 
the hydrostatic state from persisting at these depths, and it is possible 
that such changes may have influenced the adjustment of the form of 
the outer layers to the earth’s actual speed of rotation. The discrepancy 
is unlikely to be large, since the thickness of these layers is only a small 
fraction of the radius of the earth, and they would probably bend in such 
a way as to adjust themselves with some accuracy to inequalities of great 
horizontal extent, such as the one produced by rotation; but it may be 
appreciable. 

On the other hand, we know that the ocean is a fluid and, apart from 
the disturbing influences of gravitational and meteorological tides, which 
are small in comparison with its ellipticity of figure, the theory must hold 
exactly. It is therefore desirable to make what progress we can from 
empirical data obtainable on the surface of the ocean, before we proceed 
to supplement them by means of a theory of the conditions in the interior 
of the earth. 

The surface ‘ = constant that includes the ocean is known as the 
‘geoid.’ The spirit level at a place sets itself parallel to it, and therefore 
heights above sea level as measured are usually really heights above the 
geoid. The ‘spheroid’ is the ellipsoid of revolution that most closely re- 
sembles the geoid. 


12-21. We notice that in general we can write 
302? (x? + y?) = 4077? + £027? (4 — cos?O) (1); 
where @ is the colatitude, or the difference between the true latitude and 
90°. Thus the effect of rotation can be expressed by the addition to the 


gravitation potential of two small terms, one symmetrical about the centre 
of the body, and the other a solid harmonic of order 2. 


12-22. The Form of the Ocean Surface. Let us now proceed to consider 
the effect of rotation on the form of the ocean surface. We have seen that 
it may be represented by introducing a disturbing potential involving 
terms of orders 0 and 2. If now we consider only terms of these orders, 
and use the suffix a to denote the surface value of the quantity concerned, 
we have from 12:12 (3) 


4 GIG AS GaN 
U= 37t [ ogo (St 355 Y,') da Occesecce (1), 
and the form of the surface is given by 
Ue OF (CUtrcne lent) at, Vine ne ete eae (2). 


Substituting from (2) in (1), and neglecting terms of the second degree in 
Y,, we have 


a = 4 a 
Ue= 47 |" pla'tda’ (1 — Yo) + 5% |p 32 (a'8¥,!) da’ ..(3), 
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and on substituting in Y’, and remembering 12-13 (1), we have 


ee (l1— Y.4)+ 5s |e Re (a’Y,’) da’ + 4.02a? + $Q%a? (4 — cos? 8) 

= CONSCAILE: Anusiey ie On Mitiose ctor (4). 
The terms fM//a and 40a? are constant over the surface as they stand. 
Now Y,’ will in general be a linear function of the five different surface 
harmonics of the second order. Thus (4) gives, on equating coefficients of 
each harmonic separately, one equation satisfied by each coefficient. At 
present, however, we are concerned only with the harmonic } — cos?0. 
If its coefficient in Y, is «, we have on picking out coefficients of 4 — cos?@ 


in (4) 


fu aoe pe, Tee! , ci) 27 
ei a Batlle Okey? «)da’+$0O%a2=0 ......... (5). 
Now if we ignore all other inequalities, so that the surface is 
neat] <-e,\(e—,cos*B) =i Wy eae (6), 


we see that the ratio of the equatorial and polar radii of the surface is, to 
the first degree in «,, equal to 1 — «,. Thus e«, is the ellipticity of the ocean 
surface. Similarly « is the ellipticity of any other stratum of equal density. 
Now using 12-13 (19), we have 


M 3f(C—A 
es One (7). 
Let us put (070° fA me eH, Oi ee (8), 
so that m is a small number. Then (7) becomes 
3C—A 
ia oe 1 = ee eee (9). 


This important result shows that if the ellipticity of the ocean surface 
and the ratio of the centrifugal force at the equator to mean gravity are 
known, it is possible to infer the difference between the principal moments 
of inertia of the earth. 

Referring back to (1), we see that the relevant part of U, is 


Uy — ep BUC A) 3 — cost) teed (10). 


rs 
Now the observable value of gravity is the acceleration of a freely falling 
body with regard to the crust below it. The acceleration relative to the 


centre of the earth is (e : me ie ) U,; but each particle of the earth has, 
in consequence of the rotation, an acceleration (— Q?x, — Q2y, 0). The 
acceleration of a falling body with regard to the earth below it is therefore 
LOR PUG ee Ue Qo. 0) 48 
(“5 + Ox, 5? + Oy, mt) = (a> 5 =) e ag: (11), 


by 12-2 (4). Now ’ is constant over the ocean surface, and therefore its 


Clairaut’s Gravity Formula 209 


gradient has no component along the surface. Thus observable gravity is 
normal to the ocean surface. If its value is 9; 


‘—(S) Ce er reny 
g 5 (se) Ce) 


u 2 2 
ms () (Fa) Me (12). 
Now a0 is a small quantity compared with a and therefore we may 
neglect its square and put oy 
eee Wa” Rl iter (13), 


the negative sign indicating that g is considered positive when it acts in 
the direction of decreasing r. Now from (9) and (10), and 12-21 (1), 


i 2 2 
Y= fut +S te dm) (b — costa) +75 (8 + 2 (8 ~ costa} ]...(18), 


and therefore 
1 3a7 2mr 
9 = fl | a+ Ta (Ga — 4m) (4 — cos?d) — AT 4 + 4.(4 — cos? )}| ...(18), 


and on substituting for r from (6) and neglecting squares of «, and m, 


g = 15 {(1— Fm) — (fm — «,) (4 — cost); 


a Ae Oa TeNG se eg) CORDON) gs Es we Hea (16), 


where « is a small quantity independent of 6. If now G denote the in- 
tensity of gravity on the equator, where 0 = 37, we evidently must have 
g=2 +e) wits CLT) 


F 2 
and on dividing (16) by (17), and again rej ecting squares of small quantities, 
g=Gil+ (8m —«,) cos? 0... (18). 
Thus the increase of gravity in passing from the equator to some other 
latitude is proportional to the square of the sine of the latitude reached. 
The formula (18) is due to Clairaut*. It will be seen that if we know m, 
and can find by experiment the variation of gravity over a wide range of 
latitude, it will enable us to find « independently of trigonometric de- 
terminations. 
From a comparison of gravity determinations in many widely separated 
regions Bowie} has found that 
bm —«,= 0006204 6 |... (19). 
* Théorie de la Figure de la Terre, 1743. It has also been proved by Stokes, Scientific 
Papers, 2, 104-130, that the formula holds without the assumption that the strata of equal 
density are nearly spherical, provided the ocean surface is itself an ellipsoid of revolution 


of small ellipticity. 
{~ US. Coast and Geodetic Survey, Spec. Publ. 40, 1917, 134. 
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Also Line 28 884 is ewe ot (20). 
Thus €, = 0003373 == T2964 Ena omeee (21). 
Bowie gets =] 20) Ave ge ee ear (22), 


apparently by allowing for the easel degree terms, which have here been 
neglected. For the sake of internal consistency, however, the value (21) 
will be used in the following calculation. Now (9) gives 

3C—A 

2 Ma? 
The ratio (C — A)/C can be found from the period of the precession of 
the equinoxes, and is known with a smaller probable error than the surface 
ellipticity. We have cy l 


= 0 O0LG40. oma ee eee (23). 


A ap gg = OC 008RT2 eee (24). 
On dividing (23) by (24) we have 
O 

qa OS84E cet (25). 


If the earth were exactly homogeneous, this ratio would be 0-4000. Thus 
we have a definite indication that the earth is denser near the centre than 
outside. 


12:3. The Condition for Absence of Shearing Stress Internally. The above 
results depend only on the hypothesis that there is no shearing stress in 
the ocean. If now we introduce the further hypothesis, which we have 
seen in 12-2 is unlikely to be seriously in error, that, so far as inequalities 
of large extent are concerned, the earth is in a hydrostatic state through- 
out, we see that ‘" must be constant over all the surfaces of equal density 
within the earth. Hence if in it we substitute for 7 its value 


1 Bis @ see Yo hve a ot ee) Le ee ee ee (1) 
from 12-12 (1), Y must reduce to a function of 7, alone. If this is done, 
and we neglect squares and products of the Y’s, the terms of order n give 


Ni 1 12 ey 1 
SS auahwlee da " (2n + 1) 7,r*t, 


7" ~ , é ae hea 
eae Borers (2), 
except for n = 0, when the condition is satisfied automatically, and for 
n = 2, when the right side ce to be oe by 


“ae Q?r,? (4 — cos? 6). 


We have thus a separate linear integral equation for each Y except Y,. 

Let us first consider the harmonic corresponding to the polar flattening, 
so that Y, is equal to « (} — cos?@), where the ellipticity ¢ of the stratum is a 
small quantity and a function of 7, alone. Then the surfaces of equal density 
are spheroids of revolution about the axis of rotation. 


ry fa) 
, m+3 ' , 
f pia (a8 Y,') da 
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On substituting this value of Y, into the equation for Y,, we find 
viele ay are F sal’ FOS : oe de’ a 
« [pa da’ + Fa}, P gq? (a’*e') da gt Ode — da’ = = 50! 
eda: (3). 


Let us multiply by 7,3, and then differentiate with regard to 7r,. We find 
on simplifying 


de * ra? , de’ , 
— (m8 5e + 2ery) |" p'a’eda +r,4 c pda! = = Sei 
or, dividing by 7,!, 
idew 2% |" Dar asten a evar oss 
Gone da +] Fa: , da! = nie orgie (4). 
Differentiating again with regard to 7,, we have 
Pee 6X i" iby he: 
Pt Sait ees a’? Rallis 
& dr? a) [ da’ + 2 (= : is) PiOn Wececin ess (5). 


We now introduce the function S (r,), given by 12:13 (2), 
S(r) =3 i yd Cella iN ete cae cos (6). 
0 


We may at this stage replace r, by r without confusion. Then (5) can be 
written in the forms 


d? 6 d 
Gas (d= a8 We + arte F See (7), 


de  6pr® de (1 re \s 
dr?" S (r) dr Sn) 12 


and 


12-31. We are now in a position to prove that the ellipticities of the 
strata of equal density increase steadily from the centre to the surface. 
The density must increase steadily inwards, partly because the heaviest 
materials would sink to the centre in the fluid earth, and partly because 
the nearer the centre the greater the pressure, and therefore the more 
the material is compressed. Thus dp/dr is essentially negative. Now 

8 (r) = | p’da’® = pr — [“a 3 da’ Sagi ieee (1); 
0 0 
and the second term of this is always negative. Hence S (r) is always 
greater than pr*, and 1 — pr?/S (r) is always positive. When r is small, 
the latter quantity tends to zero at least as fast as r. Let the first term 
in it that does not vanish be Hr*. Then k is at least unity, and H is positive. 
Now let the expansion of « in powers of r start with r?. On substituting 
in 12-3 (8) and equating coefficients of r?-? we see that 
DO act Diz Ona) eel eit rie pate o hck (2), 
whence p = 0 or — 5. The negative root is impossible, since it would make 
e infinite at the centre. Therefore the only admissible root of (2) is zero, 
and e« is finite at the centre, equal to A, say. If the next term in « that 


14-2 
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does not vanish is Br’, we may substitute A + Br’ + ... for « in 12:3 (8). 
The terms of lowest degree are Bs (s + 5) rs-? — 6Hr'-2A. Since A and H 
are not zero, the term in B must cancel the term in AH, and therefore 
s =k; and since H is positive, B has the same sign as A. Now when 7 


is small S behaves like sBrs-1, and since s is positive this must have the 


same sign as B, and therefore as A. Thus ie 


a must have the same sign as 
e when 7 is small. 

Now when de/dr and « have the same sign, it follows that e increases 
numerically with r. Thus the ellipticity increases from the centre. It 
could only cease to increase if de/dr became zero. But if de/dr is zero, we 
see from 12-3 (8) that d«/dr? must have the same sign as «. Thus for 
slightly greater values of r, de/dr will again have the same sign as e, and 
e will again proceed to increase numerically. Thus « must increase with 7 


right up to the surface. 


12-32. It is not, however, enough that « should satisfy the differential 
equation 12:3 (8). It must also satisfy the first and second integrals 
12-3 (3) and (4) whence this equation was derived, otherwise it will not 
be a solution of the problem. If in 12-3 (3) we put 7, = a, and use 12-13 (1) 
and 12-22 (8), we get 


[*o’ ) 5a2M 
0 


aa (a'%e’) da’ = re (e301) 7, hes ecseee (1). 


This is equivalent to 12-22 (9). The left side of (1) would be increased 
numerically if « were everywhere the same and equal to its surface 


value «,. Also [ a’>da’ would be increased if matter was removed 


a , 
ee 
from the interior to the exterior to make the density uniform. Hence on 
both grounds 


Vit td 
, 15 / {3 yay 
[oe a_ @ e dar cle Ppa” ed) eee (2), 
where p is the mean density. But 
See tikh 
= Anas ee eeceees (3), 


and therefore the left side of (2) is numerically less than 3a?Me,/47. Hence 
(1) shows that «, has the same sign as m, and is therefore positive. But 
« never changes sign, and therefore the ellipticities of all strata below the 
surface are positive. In other words, the value of r for any stratum is 
greatest when @ is equal to }7; that is, all the strata of equal density are 
oblate. 


12-33. We can employ similar methods to show that the expression 
for r can contain no spherical harmonics except }— cos?6. For by a 
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process similar to that used in 12-3 we can show that Y n must satisfy the 
differential equation 


ay, Pa Gp hd Yo 
id ee mane - +r¥,)=0. 


d 


If when r is small Y,, behaves like 7”, we readily see that 
p(p+5)—n?-n+6=0. 


In the first place, if n = 1, the values of p that satisfy this equation are 
— land — 4. The former corresponds to the exact solution Y n= jr, and 
gives only a displacement of the earth as a whole as a rigid body; the 
second is impossible. Therefore the only possible first harmonic displace- 
ment is irrelevant. 

If n is equal to or greater than 2, there is one zero or positive value of 
p, and this, by an argument exactly like that of 12-31, makes Y n increase 
steadily numerically with r. Then as in 12-32 we can show that when 7, is 
put equal to a, the first term in 12-3 (1) is pa?Y,,, while the third is zero 


and the second is numerically less than eas pa*Y,,. Thus 12-3 (1) cannot 


be satisfied unless Y,, is zero. It follows that the harmonic in + — cos?@ is 
the only one present in the figure of the earth on the theory of hydro- 
static equilibrium. 


12-34. We can now prove that ¢/r?, which is evidently always positive, 
decreases steadily as r increases. In 12-3 (8) let us put 


cn eee Tae tp Pee vee Ch): 
Br af pr? 1) dd, 24pr 
Then we find a 6(f ae =) ae cer lars (2). 


Now « is finite when r is zero, and therefore X behaves like r-? when r 
is small. It therefore diminishes as 7 increases. It could cease to diminish 
only if dA/dr became zero ; but then (2) shows that d2A/dr? would be negative, 
and therefore for slightly greater values of r, d\/dr would again be negative, 
and A would continue to diminish. Thus </r? decreases steadily asr increases. 
The theorems of 12-31 and 12-34 are due to Clairaut. 


12-35. If, again, we put r equal to a in 12-3 (4), we get 
Ge) 4 a pence oa 
lat \dr). as [ea da is SO me ear, (1), 
where the suffix a indicates that the corresponding quantity is to be 
evaluated at the surface. Using now 12-13 (3) and 12-22 (8) we have 


de 
es =) a | ct) 2). 
a(F).+ ne, = (2) 
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12-36. Radau’s Transformation. Let usnow introduce a new dependent 
variable 7, defined by 


dloge_rde (1) 
=F dog 1 oq et Ae ; 
de =i Gan ld sane eo) 9 
Then ip 5 a =(; ap phe i) Ma al tyne cere a (2). 
Substituting in 12-3 (8), 
rdy Core ta ( “ ge £\= 3 
ae +7 DR USE ora’ 6{1 sw Ui ape Cie (3). 
Let us now introduce the auxiliary function p,, given by 


1 Tr 
po= 35 |; pare Die (4), 


so that p, is the mean density of all the matter within distance r of the 
centre. Then (4) can be transformed to 


ied 
p= ci (D602) ll pan wills Ae eee (5), 
PES AN EAR 
whence SH) l+-= jo, nged meee aes (6), 


dy OFS ! r dpo 
tp eae OOII heey 


Now we have the identity, by logarithmic differentiation, 


and (3) becomes (i-kayj=s Ol) mtsidee (7). 


d 5 
yp Po? a/(1 + 7)} 1 dpy 5 l dy (8) 
por? V(1+ y) “po dr’ 2(1+%) dr tay , 
This may be used to eliminate Z from (7). Then 
, 1+ d 
VUE Foot V+ N= 10 (LE b= shat) cone), 
which can be written 
LP 1+ 37-707” 
= 1 = 5p,1* = pee FO Oe) ee : 


This equation is due to Radau*. Its importance rests on the remarkable 
properties of the function 


1 an 27 one zn? 
i$ (n) = 7 ie a a (11). 
Idp_ 1 7 (1 — 3n) : 
We have b dn 20 (leon) (Lae eee (12), 


so that % has a minimum for 7 = 0 and a maximum for 7 = 4; for large 
values it Tao diminishes as 7 increases. When 7 = 0, % = 1 exactly; 
when » = 4, # = 1-00074. When 7 = 0-56, % = 0-99929, and when 7 = 3, 
ip = 0-8. 

* Comptes Rendus, 100, 1885, 972-977. (Cf. Tisserand, M écanique Céleste, 2, 225.) 
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Now on referring back to the result of 12-34, we can write 


0h EG 
Se Oy (13), 
3. slide 
or BS we OR 
aos SURE ak fr LeeLee (14). 


Hence, by the definition of 7, 7 is essentially less than 3. 
Again, 12-35 (2) can be written 


by the data of 12-22. 

When r = 0, « is finite, and de/dr is not infinite. Hence 7 is zero. It 
follows that in the earth, % is unity at the centre, rises to 1-00074 at the 
stratum where 7 = 4, and sinks to 0-99929 at the surface. Except in 
the very improbable event* that 1 can make a wide excursion beyond the 
limits it attains at the ends of the range, it follows that % can never differ 
from unity by more than 8 parts in 10,000. Thus with an accuracy of 
this order 


d 
gp Pot VL + m)}= Spot sae eeeeee (16). 


This result has been used by Darwin* to approximate to the moment of 
inertia of the earth. For - 
C= 3a IZ OL NEE NAP ata enncnce 7), 
J0 


neglecting small quantities; and on replacing p by py by means of (5) 


ead d, 
Cz sof (8r*p, + 75 | dr 


fa 

= 87 oat? _ Za16 purtdr Weenie (18), 

on integrating the second term by parts. But by integration of (16) 
[ pirtdr Ap aeVileenye eae (19). 
Thus C= Sirpyg@® {1 —2V/(1+ ya)} we eee (20). 

But evidently po, is the mean density, so that 

. Wien Tat ee Nl pam taeeacace (21). 
Thus by division m = 2{] 3 BA Mecsas 0 epee spon: (22). 


* It was actually proved by Callandreau that 7 increases steadily from r = 0 to r = a 
if d*p/dr? is everywhere positive. This condition is satisfied by Laplace’s and Roche’s 
hypotheses (see below), by not by Wiechert’s. The latter, in its original form, is actually 
found to make 7 monotonic; but if a of 12°45 is less than 1/4/2, dy/dr changes sign. 
(Jeffreys, M.N.R.A.S. Geoph. Suppl. 1, 1924, 121-124.) The value now indicated by 
seismology is Jess than this; but allowance for increase in density with depth within the 
layers will tend to restore the validity of the approximation. 

+ Scientific Papers, 3, 78-118; or M.N.£.A.S. 60, 1900, 82-124. 
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Combining this with 12-22 (9) we get 
CA eS eam 

Ce 34/(1 + 7a) 
Now 7», is a known function of «, and m, by (15). Thus (23) is a relation 
connecting (C — A)/C, «,, and m, and involving no hypothetical part. 
Given any two of these, it should therefore be possible to calculate the 
third. Of the three, «, is the least accurately known from other sources. 
Taking then as our data 


oa = (003272) et ee (24), 
n= 01003467 1.) Pp eeeeee te (25), 
we may solve by putting en (1-00) | 8 eS eaeceskee (26), 
giving with the aid of (15), é 
0-9436 = Seer (Zi 
i = ioe —] 
BN 2(1 8) 
which can be solved for 5 by expanding and neglecting 5%. We find 
50-0319) iy 1 ie eee (28), 
whence = aa Se (29), 


agreeing with 12-22 (21) within a quantity of the order of e?. 

In Darwin’s monumental paper quantities of the order of the squares 
of the ellipticity have been retained. He gets « = 1/296-4, but De Sitter, 
in a recalculation*, corrects this to 1/296-92. 


12:37. Observed Values of the Ellipticity. At this stage it will be well to 
collect the chief estimates of the earth’s ellipticity that have hitherto been 
made. Clarke’s famous trigonometrical determination of 1866 gave 1/294-9. 
Hayford, in 1909, from the trigonometric survey of the United States, 
obtained the value 1/297-0 + 0-5. This value was inferred from only a 
limited region of the earth’s surface, and to that extent is imperfect; on 
the other hand, it is superior to all other trigonometric results in that 
isostasy was taken into account in reducing the observations. Helmert, 
from measurements of the intensity of gravity, inferred that the ellipticity 
was 1/298-3+ 0-7. Hayford and Bowie, from gravity measurements in 
the United States, got 1/298-4+ 1-5. Helmertt, in 1915, revised his earlier 
estimate to 1/296-7+ 0-6. Bowie§, from a comparison of gravity observations 
all over the earth, got 1/297-4. Heiskanen|| gets 1/(296-7+ 0-6). The 
agreement between theory and the best modern observational results is 
within the order of magnitude both of the square of the ellipticity and of 
the probable errors of the experimental determinations. If the difference 

* Bull. Astr. Inst. Netherlands, 2, 1924, 97-108. 


-+ U.S. Coast and Geodetic Survey Special Publication, No. 10, 1912. 
{ Sttaber. d. k. Preuss. Akad. d. Wiss. 41, 1915, 676-685. § Cf. p. 210. || Cf. p. 195. 
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is real, it must be attributed to the earth’s not being in a hydrostatic 
state, and therefore gives an estimate of the extent of the departure from 
that state. 


12-4. Possible Distributions of Internal Density. We have seen that a 
knowledge of the values of the precessional constant and m, the ratio of 
the centrifugal force to gravity at the equator, is enough to fix the surface 
ellipticity, by 12-36 (23), and that then the surface ellipticity, the pre- 
cessional constant, and m are together enough to fix the moment of inertia 
of the earth about its axis, by 12-36 (22). The only opportunity of con- 
fronting the theory with fact is provided by the surface ellipticity, and 
the agreement is satisfactory. It appears, therefore, that the form of the 
law of density in the interior of the earth is not a matter of importance 
to the theory of the figure of the earth; it cannot affect the surface 
ellipticity by more than a few parts in 10,000, when the precessional 
constant and m are known, as they are. Conversely, if we have a hypo- 
thetical distribution of density within the earth that gives the correct 
moment of inertia, 0-334Ma?, then 12-36 (22) determines 4, and from this 
12-36 (15) determines m/e, and hence «, when mis known. Finally 12-36 (23) 
determines the precessional constant. Every determination is unique, and 
therefore so long as a hypothetical law of density gives the correct moment 
of inertia, it is bound to give the correct ellipticity of the surface, the 
correct precessional constant, and the correct variation of gravity over the 
surface. These are all the data we have relevant to the chief second harmonic 
inequality in the figure of the earth. 


12-41. The above theory was developed independently by Darwin and 
Callandreau*, second degree terms being included. It has very much 
reduced the interest of special hypotheses concerning the distribution 
of density within the earth. Several such hypotheses have been framed, 
but now that it is realized that any law of density that gives the moment 
of inertia correctly will satisfy all the data equally well, and as nearly as 
observation can test, there is no longer much reason for elaborate dis- 
cussion of particular laws. In this section, therefore, the chief suggested 
laws will be merely outlined. Full accounts of those of Laplace and Roche 
may be found in Tisserand’s Mécanique Céleste; Wiechert’s law is of special 
interest, and will be treated at somewhat greater length. The first require- 
ment in framing any of these laws was that it should make the ellipticity 
of a stratum of equal density expressible in finite terms as a function of 
its mean radius; in other words, that it should make 12-3 (8) integrable 
in finite terms. 


12-42. Laplace’s hypothesis was that 


dp 
2 o 2 
3r eed SAG) ta ee me are CL); 


* Ann. Observ. Paris, 1889, 1-84; Bull. Astron. 14, 1897, 217. 
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where g is a constant. Then 12-3 (7) becomes 


18 (r)} + (g2— 5) S(r)e=0 ee (2). 
dr? ie 
The solution of (1) that remains finite at the centre is 
p= = SI0Gi) ea, gee eee tee. (3), 
where Q is a further constant. Then 
sr)= “, (singr— grcosgr) ~~ = Saemauaes (4), 
S(r)e o (1- an) sin gr + 7 608 gr Sale ci oe (5). 


The second solution of (2) makes « infinite at the centre. 

When gq and Q are chosen so as to make the mass and the moment of 
inertia correct, the surface density is about 2-8 and the density at the 
centre about 11. 


12-43. Roche’s hypothesis is 


~~~] — 2 
where o, k are constants. po (Lh) sacar (): 


It makes the equation for the ellipticity soluble in terms of hypergeometric 
functions. It gives a central density of 10-10 and a surface one of 2-3. 


12-44. Laplace’s and Roche’s distributions of density are not physical 
laws in any sense. They rest on no known data about the constitution 
and properties of the matter within the earth. Indeed our available know- 
ledge indicates that the interior is so dense as to be probably metallic, 
while the outside is rocky. Such materials cannot mix freely, and therefore 
we should expect a fairly sharp boundary between them, with a sudden 
discontinuity in density. Laplace’s and Roche’s formulae, however, make 
the density distribution continuous at all levels. It is necessary to em- 
phasize this point, for each of these formulae, especially Laplace’s, is often 
mentioned as if it corresponded to a true physical law describing the 
compressibility of the interior of the earth, which is not the case; the only 
reason for any interest in either formula is that it makes equation 12-3 (8) 
integrable in finite terms. In addition both, especially Roche’s, make the 
density near the surface much too small, as De Sitter pointed out. 


12-45. A distribution of density of greater physical interest is that of 
Wiechert*. In this the earth is supposed composed of two strata of uniform 
density, the inner and denser material extending from the centre most 
of the way to the surface, and the lighter occupying the outer regions. 
There is a marked difference between the densities of the two layers. 

* Gott. Nach. 1897, 221-243. Kelvin and Tait (Natural Philosophy, 2, 420) gave the 


equations satisfied by the ellipticity to the first order, but did not proceed to a numerical 
so lution. 
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In discussing this hypothesis a slight change of notation will be con- 
venient. Let a and a, be the outer radius and the radius of the denser core 


respectively, and put 
pectively, and pu Cee AMIN PET Mee Me ou Gi ao ae (1). 


Let the densities of the shell and the core be py and p,, and put 


joy So ea RSS STA) Guia Rev ceinciitl() Pts Aen ree (2). 
Then the mass is given by 


and the moment of inertia by 


= mpg? (1+ war) i anneneee (4). 
Thus our equation 12-22 (25) gives 

21+ pad 

peau Dig 045 | dt oat a ce et aera rs (5), 


and, by what has been said in 12-4, if we can find values of a and pe that 
will satisfy this equation, all the other data will be satisfied automatically. 
Now (5) can be transformed into 


a7 5a? — 6a° approximately ......... (6). 


By our physical conditions 4 must be positive and finite. Hence in order 
that there may be any solution 6a? must be less than 5. Thus @ must be 
less than 0-913. The corresponding value of p,, which is the least possible 
for a given mean density, is 1-31 times that density. 

In Wiechert’s actual solution, « was equal to 0-779. This, with the 
above data, makes y equal to 1-63. If now we take the mean density of 
the earth equal to 5-53, following Boys and Braun, we find 


Py = 3°12, p, = 8-22. 


Wiechert’s results were py = 3-200, p, = 8-206, calculated on the supposition 
of a mean density of 5-58. If a factor is applied to correct the mean density, 
his results become py) = 3-17, p, = 8-15. The discrepancies are probably 
attributable partly to differences in the numerical data used and partly 
to*the fact that Wiechert included terms of the second degree in the 
ellipticity in his analysis. The total number of possible solutions is evidently 
infinite. 

The value adopted for p), the density of the outer shell, corresponds 
roughly with those of rather dense rocks, and that for the core with those 
of many common metals, notably iron, copper, and nickel. But actually 
the whole of the earth except the very surface is compressed by the weight 
of the overlying matter; in each layer the density must increase with 
depth both because the heaviest materials would tend to settle downwards 
initially and because the deepest parts would be the most compressed. 
If we assume from Gutenberg’s seismological results that « = 0-545, thus 
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identifying the central core that does not transmit distortional waves with 
the metallic core, equation (6) gives, with a mean density of 5-53, 


wu = 1-821; py = 4:27; p, = 12-04. 


The densities found, considered as means for the shell and core, are 
greater than those found by Wiechert, but not unreasonably so. The 
pressure halfway to the centre is of order 1-2 x 10! dynes/cm.? The 
bulk-modulus of the lower layer of seismology is also about 1-2 x 10” 
dynes/cm.? Thus it would be expected that if the shell was compressed 
merely by its own weight its mean density would be over 4 gm./cm.? 
Similarly from the estimated pressure of 3-2 x 101? dynes/cm.? at the 
centre, with the known velocity of 9 km./sec. for compressional waves, we 
can show that pressure would increase the density of iron from 8 to about 12. 

The question has been investigated in more detail by Williamson and 
L. H. Adams*. They proceeded by finding the ratio of the bulk modulus 
to the density at all depths from the seismological data and using the 
method of successive approximation. The density within each layer being 
supposed to vary only through compression, the distribution of density 
could be found. But they assume the existence of a thick layer of pallasite, 
a mechanical mixture of iron and olivine, between depths of 1600 and 
3100 km., in order to make a continuous transition from shell to core. We 
now know that the transition is sudden, so that their results are no longer 
of much interest except as confirming generally the amounts of the 
increase of density due to compression and providing a method for re- 
calculating the distribution of density. 

We may look at the matter from the other end. The mean density and 
moment of inertia of the earth provide estimates of the mean densities in 
the shell and the core. The mean pressures within them and the bulk 
moduli can therefore be estimated, and hence so can the reduction of 
density if these pressures were taken off. The results indicate that the 
densities would be near to those of dunite and metallic iron, and confirm our 
impressions that the rocky shell is of one material from a depth of 30 km. 
down to the great discontinuity, and that the central core is of metallic iron. 


12-5. So far the only departure from the spherical form that we have 
considered fully is the ellipticity of figure. It was shown in 12-33 that if 
the earth was in hydrostatic equilibrium throughout this would be the 
only inequality present, and the earth’s solid surface would be an ellipsoid 
of revolution covered by an ocean of uniform depth. But other inequalities 
exist and are expressed by the differences between continents and oceans 
and between mountains and plains. Our study of the earth’s thermal 
history leaves it probable that there is a layer of weakness below the 
oceans like that below the continents, though perhaps not so much so. 


* J. Wash. Acad. Sci. 18, 1923, 413-428. 
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The greater inequalities would therefore be expected to be isostatically 
compensated. 


Suppose that an outer layer between 
PS MES ee hile SU Uae ae EO (1) 
and an inner boundary r = (a — h) (GA Sas ete a are oaks (2) 
has density p, and floats on a lower layer in hydrostatic equilibrium. 
The density of the latter just below the boundary is py. Then, by 12-2 (5), 


Y,, must make no contribution to the gravitation potential for r< a — h 
By 12-11 the terms arising from Y,, are 


+ as 4 Aen 8 
3 A 3) = — f)3 sd 
an 1 7pa go On: 1 7! (Po p) (a—h) (Ghee ee (3), 
and the isostatic condition is 
= n—2 
ie ce "\ Ley Wow | eae (4). 
@ Po — P 
The contribution to the external gravitational potential is 


4 oye. 4 a — h)ykY,’ 
In Tew el oh pee 17d (Po — p) cay 


4 a—hyt1) Vy,’ 
ee n+3 ie n 
On 1 AO | ( a | 


alee lent eae (5). 


The contribution to gravity, evaluated at r = a, is 


_— 2n+1 
aot mfpa E = (=) | eis Gard beh a eee (6), 
and the disturbance of the gravitation potential is 
4 . a — hy2nre ; ; 
mpi io" | 1 — ( - ) ie 4d Wea (7), 


say. The elevation of the geoid is the expression (7) divided byg. tts 
therefore 
Sp a — h\?nrl 4 
ers! E i (—) | 1 Ane Dial Ae (8). 
If we neglect squares of Y,,, gravity falls by 2g/a per unit increase in 
height, and from (6) and (8) the disturbance of gravity at geoid level is 


UE ae 10M 
ee aia.. + a 
4 (n — i) ; or , " 
= 1— EEG nena : 
Mig; Ae Il nfoa | a | cate! (9) 
The effect of an uncompensated inequality of the same height would be 
simply Agel 
ee 1 ) 7 Oo aaah ae” ie Mie tee ee (10) 
The effect of compensation is to reduce this effect in the ratio 
a— h\2nt+1 
le ( - ) hen, (11). 


By (10) a kilometre of material of density 2-5 would make a contribution 
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to gravity of 0-10 cm./sec.? for harmonics of large order, 0-057 em./sec.? for 
n = 3, 0:04cm./sec.? for n = 2, and 0-00 cm./sec.? for m = 1. 

The average height of the continents is about a kilometre and the 
average depth of the oceans is about three. If this difference was un- 
compensated it would produce a systematic difference in gravity of about 
0-4 cm./sec.2 But h is only about 40 kilometres, and for harmonics of low 
order, corresponding to widespread inequalities, (11) is nearly 

(2n + 1) (h/a); 
for n = 2 it is s,, for n = 3, »,. An uncompensated inequality 4 km. 
in height will give an anomaly of gravity of 0-23 cm./sec.” for n= 3, 
0-16 cm./sec.? for n =2, and 0 for n=1. The corresponding figures for 
compensated inequalities will be 0-012 for n= 3, 0-005 for n= 2, and 0 
for n =1. Anomalies of gravity of continental extent larger than the 
latter amounts must be attributed to real departures from isostasy. 


12:51. Search has been made for inequalities of this type in three 
cases. The present writer, considering the elevations of the solid surface 
above and below sea level, with a correction to allow for the weight of 
the water, estimated that the coefficient of P, (cos @) in this difference was 
— 669 + 30 feet, or 203+ 9 metres*. If this is uncompensated it would 
produce a disturbance of gravity with coefficient 0-08 cm./sec.?; if com- 
pensated, 0-003 cm./sec.? The corresponding differences between polar and 
equatorial gravity would be 0-12 and 0-005 cm./sec.2, Heiskanen’s result 
for the variation of gravity with latitude, however, has a probable error 
of 0-012 cm./sec.?, so that the second of these at least could not be de- 
tected. It seems improbable from other considerations that this in- 
equality is mainly uncompensated. 

Heiskanen finds a systematic variation of gravity with longitude. The 
term in gravity is (0-027 + 0-006) sin?0 cos 2 (¢ — 18° + 5°) where @ is the 
colatitude and ¢ the east longitude. This is far too large to be explained 
by any compensated inequalities and must apparently be attributed to a 
real imperfection of isostasy. It is so situated as to have maxima near the 
longitudes of Central Africa and Hawaii, and minima near those of 
Sumatra and the Andes. Its amplitude corresponds to a distribution of 
uncompensated matter of density 2-5 and maximum thickness 0-7 km., 
of second harmonic typet. Such a load on a homogeneous elastic earth 

* Memoirs R.A.S. 60, 1915, 187-217. 

} Heiskanen gives 690 metres for the difference between the two equatorial aves. My 
0:7 km. is the maximum departure of the semiaxis from the mean, and therefore apparently 
corresponds to an ellipticity of the equator four times that found by him. The reason is that 
his difference refers to the geoid, and is calculable from the gravity observations without 
further assumption; mine refers to the solid surface, which is what interests us directly, 
and naturally the ellipticity of the solid surface is greater than the ellipticity it induces 
in the geoid. Heiskanen in a later paper has included Vening Meinesz’s oceanic observ- 


ations in his reductions. They make an appreciable change but do not alter the general 
features of the inequality. Cf. Gerlands Beitr. 19, 1928, 356-377. 
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would give a set of stress-differences in the interior* reaching about 
6 x 10? dynes/cm.? at the centre and 2 x 10? dynes/cm.? near the surface at 
the equator. In the actual earth the stresses near the surface will be greater. 

Heiskanen’s data, however, refer only to continental stations, and the 
introduction of his longitude term only reduces the standard residual by 
one part in 16. I think, with Lenox-Conyngham}, that the representation 
of the outstanding gravity anomalies by a term of this type is premature. 
If it is real it would require a harmonic analysis over the whole earth to 
evaluate it; the continental data alone could probably be fitted as well or 
better by a set of third or fourth harmonics. The real interest of the term 
is that it implies the existence of systematic anomalies in gravity of 
continental extent. 

Duffield and Vening Meinesz have made determinations of gravity over 
the oceans. Their results of course refer to geoid level. Duffield tried 
several statical methods, such as measuring the extension of a spring when 
a standard body is hung from it, and comparing the atmospheric pressures 
as recorded by mercury and aneroid barometers{. Meinesz used a pen- 
dulum method. The disturbing effects of waves were reduced partly by 
working in a submarine, which was submerged to such a depth that wave 
motion was much reduced, and partly by using a combination of pendulums 
so arranged that the motion of the vessel affected all equally and left the 
difference between their displacements undisturbed. The two methods 
have not been compared over the same route. Meinesz, travelling from 
Holland to Batavia by way of Panama, found systematically positive 
anomalies averaging + 0-025 cm./sec.?in the Atlantic and + 0-038 cm./sec.? 
in the Pacific§. Duffield travelled between England and Australia by way 
of the Cape. The anomalies found were systematically negative over the 
oceans by amounts averaging about — 0-01 cm./sec.®, to judge by the 
diagrams published, but Duffield expresses doubts as to whether the 
methods have yet yielded as good results as they are capable of. 

The oceans traversed by both investigators reached depths of the 
order of 5000 metres over a large part of the routes. Such an inequality 
of levei, if uncompensated, would give widespread gravity anomalies of 
the order of — 0-5 em./sec.2 Since these are not observed we must infer 
that in general the difference between oceans and continents is compen- 
sated, and therefore that the ocean bottoms are of denser materials. 
We have thus definite evidence of a fundamental and general difference 
between oceanic and continental rocks. 

On the other hand marked correlations are found between the depth 
of the sea and the anomaly of gravity. At the Philippines, for instance, 
a rise of level of the sea bottom from 8000 metres to sea level corresponds 


* Cf. Sir G. H. Darwin, Scientific Papers, 2, 479. A factor e is omitted in two of the 
formulae. + Geog. Journ. 71, 1928, 157. 
{ M.N.R.A.S. Geoph. Suppl. 1, 1924, 161-204. § Geog. Journ. 71, 1928, 144-160. 
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to a change of the gravity anomaly (reduced to sea level) from — 0-18 to 
+ 0-25 em./sec.2 The corresponding change in the Bouguer anomaly would 
be about 0-6 cm./sec.?, on the basis of rocks of density 3 being replaced 
by water of density 1. The existence of a change in the anomaly at all 
indicates that the ‘free air’ hypothesis is incorrect, and some form of 
compensation is implied. On the other hand isostatic reduction on the 
basis of uniform compensation to a depth of 100 km. failed to remove 
systematic anomalies, and it seems that compensation of local inequalities 
under the oceans is at a greater depth than below the continents—as was 
suggested above. 

Attention may be called also to the fact that disturbances of gravity 
at geoid level, as indicated by (10) and (9) of 12-5, both contain a factor —1. 
A harmonic inequality of the first order in gravity at geoid level cannot 
exist, whether the inequalities giving rise to it are compensated or not*. 
A systematic excess of gravity over the Pacific as a whole, which covers 
half the earth’s surface, would probably imply such an inequality, and 
would be very surprising. 


12-6. We can now assume the general compensation of the oceans as 
a first approximation to the truth and see what it implies about the 
structure of the ocean floor. Taking the typical continental structure so 
represented by 12 km. of granite of density 2-6, and 24 km. of tachylyte 
of density 2-9, resting on dunite of density 3-3, we see that the upper 
layers could be balanced by a column of dunite of thickness 30-6 km., giving 
a difference of level of 5-4km., or by one of crystalline basalt of density 3-0 
and thickness 33-7 km., giving a difference of level of 2:3 km.These estimates 
require some increase to allow for the sedimentary layer, which is mainly 
confined to the continents and has an average thickness of the order of a 
few kilometres. Also the weight of the water must be taken into account. 
The average height of the continents above sea level being taken as 
0-5 kilometre, our first hypothesis would put the ocean bottom at a depth 
of 4-9 km., and it would be further depressed by 4-9/2-3 km. by the weight 
of the water, giving a depth of 7-0 km. in all. For a basaltic ocean floor 
the extra depression is 1-5/2-0 km., giving a depth of 2-7 km. The average 
depth of the Pacific seems to be about 5 km., and that of the Atlantic 
about 4 km., so that the truth probably lies between our extremes. 

But both the great oceans show considerable variations in depth. The 
greatest depths in them are about 8 km. in the Japan and Tonga deeps, 
and 9-10 km. in the Guam and Philippine deeps. Such irregularities 
cannot be compensated locally on the scheme just given, but the regions 
are very restricted, having widths of the order of only 100-200 km. at 
most, and it seems quite possible that they may be supported regionally. 

Local compensation would require a denser rock than dunite, and 


* Proc. Roy. Soc. A, 100, 1921, 133. 
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Holmes has suggested eclogite; but I think this suggestion unnecessary, 
and it introduces further complications. 

At the same time the oceans show large shallow regions, especially 
near the middle, with depths of 2-3 km. It is on these that most of the 
oceanic islands are. They would agree with the hypothesis of 34 km. of 
basalt in the upper layers, but Holmes’s suggestion of a superficial layer 
of syenite* may be applicable here. I think the difficulty he mentions 
about explaining how high mountains of basaltic composition manage to 
exist on oceanic islands such as Hawaii disappears when we consider their 
small horizontal extent, the frequent proximity of a deep, and the probable 
regional character of the compensation. 


12-7. Figure of the Moon. Let us now proceed to consider the second 
harmonic inequalities in the figure of the moon. The moon’s rotation about 
its axis must produce an oblateness of its figure; but in addition the 
attraction of the earth tends to raise two tidal protuberances, one just 
under the earth, and the other just opposite to it. Both phenomena need 
to be considered in any account of the figure of the moon. It will be 
sufficient in this discussion to treat the moon as homogeneous. 

Let axes of #, y, and z be taken at the centre of the moon and moving 
with it. The x axis points away from the earth, the z axis is perpendicular 
to the plane of the orbit, and the y axis is perpendicular to both of these. 
If M be the mass of the earth, m that of the moon, and » the mean 
angular velocity of the moon about the earth, the chief part of the potential 
due to the earth’s attraction is 

Ug Miya ten Spee ah al @ kt ce a 
where £# is the distance from the point considered to the centre of the 
earth. If c be the moon’s mean distance from the earth, we have 


Tete (CFE Dyer yei a 22 ce atas (2), 
M. M 
and therefore U -— Bes | = (27 eet ee meee (3), 


to the second order in the radius of the moon. Now we are supposing the 
motion to be one of steady revolution, the moon always keeping the same 
face towards the earth, so that the motion of each part of the moon is 
one of revolution with angular velocity n about an axis perpendicular to 
the plane of the orbit through the centre of gravity of the earth and moon 
together. The distance of the latter point from the centre of the moon 
is Mc/(M + m), or c/(1 + »), where 
Wt) | Vee gle SMa be cote (4). 


Fhe perpendicular distance of a point from the axis of the general rotation 


is therefore las te ) at ae Hence by 12-2 the effect of the steady 
- 


* Geol. Mag. 63, 1926, 313. 
I5 
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rotation and revolution in distorting the moon is equivalent to that of a 
potential . : 

an? «(| —— ce PN I ee ake 5). 
Combining this with (3), we find that the total effective disturbing poten- 
tial is 
fu _fM 


Le ae a 
C Cc? 1 968 


2 2 
EE (at — yt 2) + ant ot 


and then, since n°c3 = f (M +m) 
the two terms in 2 cancel, and we have altogether a disturbing potential 


Fie (Bet — yt 28) + drat (0 + 9%) 
due to the earth and rotation together. We require to know what effect 
this will have on the figure of the moon. 

In the first place, it is clear that the superposition of a small disturbing 
potential, symmetrical about the centre of the moon, will not affect its 
ellipticities to the first order of small quantities. Let us include, therefore, a 
potential A (x? + y? + 2”), A being afterwards determined so as to make the 
whole potential a solid harmonic. The requisite condition for this is that 


n* + 3A = 0. 
The disturbing potential is therefore equivalent to 
Len? 
D Pee (2x2 — y® — 27) + dn? (a? + y? — 227). 
If we now omit p, which is about 1/82, this reduces to 


ha (Ta Sy h— bet)" ieee ri: 


which we may write simply Kr?8,. 
Now suppose the surface of the moon to become deformed until its 
equation is 


P= OAL Sell” Vo ee rertare (8). 
We see from 12-11 (2) that its external potential becomes 
1 3 aes, 
fm (; ++ 5 =) Wehis« amas (9). 


The condition that the moon should be in hydrostatic equilibrium is that 
the sum of its own external potential and the disturbing potential shall 


u 2 
be constant over its surface. Hence fm (; + : m a + Kr? S, must reduce 
r 
to a constant when (8) is satisfied. This gives 


Hy 5 OM 
= ates ewe (10), 


€ 
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and the equation of the moon’s surface is 


Hee Lae nt (yas 2Qy? — 522) 
12. fm 


5 M a? Ta? — 2y? — §z2 
12mc ae 


=al 
( 


Thus the semiaxes of a, y, z on the moon are respectively 
/, 35 M ad 10 M a’ 25 M a3 
| PA saa tet apd Phen peed eek) Sead 
a( a ar)? a(1 oe a(1 ea) mae): 
If then A, B, C be the principal moments of inertia of the moon about its 
centre, we have 


C—A M a’ 
Tn Os 000008 TOE Ree (13), 
C—-B 5Ma’ 
A as 0 0080094 (14), 
where the numerical evaluations are based on current knowledge of the 


moon’s mass and size. In addition we have identically ae = . 


12-71. Now the two ratios (C — A)/C and (B— A)/C for the moon 
are capable of being found from observation. The former is proportional 
to the mean inclination of the moon’s equator to the ecliptic, and (B — A)/C 
to the amplitude of the moon’s true libration in longitude. Both these 
propositions rest on purely dynamical considerations*. The inclination 
can be determined with much certainty; there seems little room for doubt 
that the corresponding value of (C — A)/O is close to 0-0006289. The 
amplitude of the libration in longitude, however, has been the subject of 
much discussion. The balance of opinion at present seems to follow Haynt 
in making the ratio (B — A)/(C — A) nearly equal to its theoretical value 
0-75; but several investigators have obtained values in the neighbourhood 
of 0-5, and the difference appears to be attributable only to observational 
errors{. In either case both (C — A)/C and (C — B)/C very much exceed 
their theoretical values. 

The discrepancy was first noticed by Laplace, who was content to 
attribute the high values of these quantities to distortions developed during 
solidification. There is no reason on this theory why they should have 
attained any particular magnitudes; the actual values must be regarded 
as accidental. Let us see whether it is possible to reconcile the data on 
the basis of known laws. 

In the first place, the numerical coefficients depend on the hypothesis 
that the moon is homogeneous. If we suppose the moon to be composed 


* Routh, Advanced Rigid Dynamics, 1905, Chap. 12; Tisserand, M éecanique Célesie, 2, 
Chap. 28. 
t Abhand. d. k. Sachs. Gesell. d. Wiss. zw Leipzig, 30, 1907, 1-103. 
t Stratton, Memoirs of R.A.S. 59,° 1909, 257-290. 
15-2 
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of two constituents of the same densities as Wiechert’s two layers in the 
earth, the value of the radius of the inner sphere being determined to fit 
the actual mean density of the moon, it is found that little change is 
made. The coefficients are multiplied by 0-9; there is no other change, and 
the discrepancy is slightly increased. 

The present determinations of the masses of the earth and moon, and 
of the mean radius of the moon, are incapable of serious error, and their 
values in the past cannot have varied much, at least since the moon solidified. 

There remains the mean distance of the moon from the earth. Let us 
suppose, then, that the moon last adjusted itself to the hydrostatic form 
when considerably nearer the earth than it'is now, at a distance ¢,, say, 
and consider the moon’s subsequent development as it receded from the 
earth and the disturbing influences correspondingly diminished. Since, by 
hypothesis, no further adjustment by plasticity is taking place, the only 
change of form is that due to pure elastic deformation, and is much less 
than the change that would take place in a fluid body. Let £, denote the 
value that (C — A)/C would sink to if the moon receded to an infinite 
distance from the earth without any hydrostatic adjustment taking place. 
At any time later than the last adjustment, (C — A)/C is composed of 
two parts, f) and the part due to elastic strain. Suppose the latter to 
be « times the value of (C — A)/C for a fluid moon at the same distance. 
Then the conditions at the last hydrostatic adjustment were such that [,, 
and the elastic value of (C — A)/C appropriate to distance c,, together 
made up the hydrostatic value for the same distance. Now, allowing for 
the influence of heterogeneity, we have for the hydrostatic value, 


C—A M a’ 
ee eee (1), 
3 3 
and our condition is {y+ 4:5« ie == 4: 1S p-sakneee (2). 


m c,° m ¢,° 
We see next that the elastic deformation is produced by the contemporary 
influence of the earth’s gravity and the moon’s rotation together, and 
therefore the protuberance always points exactly to the earth. Thus the 
attraction of the earth on this protuberance passes exactly through the 
centre of the moon, cannot affect the moon’s rotation, and thus does not 
take part in determining the inclination of the moon’s axis of rotation. 
The latter is determined by £, alone, and therefore the value of (C — A)/C 
determined from observations is simply £,. Thus (2) can be written 


Mas 
4:5 (1— 1) 2 Sg = 0:0008289 oaaeeaee, (3). 
Now « is small, and can be shown theoretically to be about 0-013. Also 
See 
m 
a 1 
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where ¢, is the moon’s present distance. Hence 
1 _ 0.376, 

Co 

The data can therefore be reconciled by Supposing that the moon last 

adjusted itself to the hydrostatic state when its distance from the earth 

was about 140,000 km., and its period of revolution 27-3 (0-376)? = 6-3 

of our present days. 

It will be seen that the arguments about the variation in (0 — A)/C 
since the last hydrostatic adjustment apply equally well to (Bb — A)/C; 
therefore the inference that the ratio of these quantities should be 0-75 
remains unaltered. If, however, the moon during solidification was exe- 
cuting a libration in longitude of amplitude 40°, this would no longer hold, 
and the ratio would be reduced to 0-50*. 


12-72. The theory just developed requires that the matter within the 
moon should now depart appreciably from the hydrostatic state, and should 
have maintained this departure for a long time geologically. It must there- 
fore have a finite strength. The amount of this strength can be evaluated 
roughly, by using a result of Sir G. H. Darwin}. The greatest stress- 
difference in a homogeneous spheroid due to a second order zonal inequality 
over the surface is at the centre, and its magnitude is 32gpae, where g 
is surface gravity, p the density, a the radius of the spheroid, and e its 
ellipticity. For the moon, with our adopted value of 8,, which would be 
equal to e if the moon were symmetrical, this would make the stress- 
difference equal to 2 x 10’ dynes/cm.? Since the difference between the 
moments B and C of the moon is only a quarter of C — A, a theory re- 
garding the moon as affected only by a zonal harmonic about its x axis 
will not be far wrong. 

This result is of interest in relation to the imperfections of isostasy on 
the earth. The quantities C— A and B— A for the moon arise from the 
moments of inertia, and therefore certainly from uncompensated in- 
equalities of figure. If we adopt the theory given here, they represent a 
fossil tide that has persisted through geological time. Even if we do not, 
they still imply a stress-difference of the order of 2 x 10? dynes/cm.? in 
the moon’s interior. We can evade the conclusion that this has existed 
for a large fraction of the moon’s age only by assuming the ellipticities 
to have been produced recently, and we should still have to explain how 
or why a solid sphere could spontaneously deform itself throughout its 
mass so as to produce a general ellipticity of figure of just such a character 
and in just such a position as to ceceive us and leave no observable free 
oscillations. It hardly seems worth while to attempt this at present; a direct 
presumption is established that the moon’s material can support per- 


* Jeffreys, Mem. R.A.S. 60, 1915, 187-217. 
T Scientific Papers, 2, 474-481. 
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manently a stress-difference of at least 2 x 107 dynes/em.? Now the 
anomalies of gravity left unexplained in discussions of isostasy have 
been seen to point to a strength within the asthenosphere of 4 x 107 to 
108 dynes/cm.2 The widespread gravity anomalies within the continents 
used in Heiskanen’s estimate of the ellipticity of the equator imply a strength 
of order 6 x 10? dynes/cm.?. The same applies to the widespread anomalies 
of gravity at sea. All these estimates are of the same order of magnitude. 

If we had only the terrestrial evidence it might be possible to maintain 
that the strengths indicated were correct only for stresses lasting for 
intervals comparable with the time elapsed since the last epoch of mountain 
formation, say 30 million years, and that much smaller stresses would 
produce permanent deformation if maintained for a longer time. Such a 
view has been held by various writers for vitreous solids and even for 
crystals, though it has neither theoretical nor experimental support. But 
since on any view seriously held the moon’s composition and original 
thermal state must have closely resembled that of the earth’s rocky shell, 
and the same processes of cooling from the surface and upward concen- 
tration of radioactive matter must have determined its thermal history, 
we cannot assume a fundamental difference in properties between the 
earth’s shell and the moon. The maintenance of the moon’s ellipticity of 
figure therefore provides strong reason to believe that the strength of the 
asthenosphere inferred from the three types of discussions of gravity is 
not only genuine but permanent under stresses lasting for times com- 
parable with the age of the earth. 

A consequence of the acceptance of the finite strength of the rocky 
shell is that the assumption of a hydrostatic state within the astheno- 
sphere is only an approximation, and it is of no use to push it beyond the 
limits of accuracy imposed by the outstanding residuals. Second degree 
terms in the ellipticity of figure are of little interest. The widespread 
anomalies over continents and oceans imply that the ellipticity varies 
from one meridian to another as 1/294 to 1/299, but until they are known 
in sufficient number to permit interpolation and spherical harmonic 
analysis not much can be gained by attempting to improve present esti- 
mates of the variation of gravity with latitude and of the mean ellipticity. 
Other harmonics in the form of the geoid, including that expressed by the 
ellipticity of the equator, cannot be satisfactorily distinguished by present 
data. 

12:8. Summary. A theory of the figure of the ocean surface, without 
reference to the state of the solid interior, has been developed. The ap- 
proximation based on the assumption of a hydrostatic state for the interior 
is developed, and it is shown that the adoption of a correct value of the 
moment of inertia will imply correct values of the precessional constant, 
the ellipticity, and the variation of gravity over the ocean. This value 
would be consistent with a modification of Wiechert’s hypothesis, so that 
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the central iron core has a mean density of about 12, and the rocky shell 
one of 4:3. The differences between these and the densities of iron and 
dunite at the surface can be legitimately attributed to compression. 
Gravity surveys have also disclosed small, but definite departures from 
isostasy over wide areas, which are too large to be attributed to any 
compensated disturbance, and imply stresses within the asthenosphere 
comparable with those implied by the unexplained residuals of the theory 
of isostasy. The observed large differences between the moments of inertia 
of the moon are explicable on the hypothesis that it solidified when much 
nearer the earth than it is now, and has maintained the figure it had then; 
but on this or any other reasonable hypothesis of the maintenance of 
these differences the moon’s interior must have a strength comparable 
with that inferred for the earth’s asthenosphere, and its permanence in 
the moon gives strong reason to believe that it is also permanent within 
the earth. 


CHAPTER XIII 
The Variation of Latitude and the Bodily Tide 


“©, that this too too solid flesh would melt, 
Thaw and resolve itself into a dew!” 
SHAKESPEARE, Hamlet. 


13:1. There are two phenomena that give information about the 
elastic yielding of the earth as a whole to disturbing forces. Although 
seismology and the figure of the earth together give very detailed in- 
formation about the elasticity within the earth, they do not pronounce 
definitely as to whether the central core is a true liquid or merely an 
imperfectly elastic solid that admits distortional waves but absorbs them 
before they have penetrated through it. These two other phenomena, 
however, provide the required additional datum and enable us to say that 
the core is liquid. 

Consider a sphere acted on by a bodily force derivable from a gravita- 
tional potential K,7"S,,, where r is the distance from the centre, n a positive 
integer, S, a surface harmonic of degree n, and K, a function of r. The 
equations of motion are those of 9 (20). If the period of the disturbance 
is long compared with that of any of the earth’s elastic vibrations we 
can omit d*u/dt?; and if the disturbance is isothermal we can put y = 0. 
The earth being heterogeneous, A, ., and py are functions of r. Putting 


1S. Week Og | NE ge Na (1) 
we can assume* 
aie eo ice wo e Noe ae 
u= FP Aaa G2W 3 a ta (po%) 4 a (py ¥) + oF (p5w)| ae _6W. 
weet aces (2), 


where F’, G, and ¢ are functions of r. The radial displacement 
] 
= (xu + yo + zw) = : (nF W,, + Gr?W,) 
nae 
5 Wa. Oo 0 Se eee eee (3), 


where qg is another function of r. Also 


yee aoe 1 (1 $02 +» P04 ap Pe) 


Oz ' Oy 02) po\ Ox oy dz 
3 (" - + (n+ 3)G475") Win ee a ice ee (4). 


* Love, Geodynamics, 1911, 127. 
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The gravitation potential is of two parts, one arising from an external 
disturbance, which is supposed known, and the other from the changes of 
density within the body itself. These give 
V? (K,,W,) = — 4nfp, = — 4nfdp.W, 
9, \ 
ys (2 oe EVAN A Eth ot Bhan teins (5). 

On substituting in the three equations of motion we find that all break 
up into two parts, the first for instance involving the sum of a function 
of r multiplied by 0W,,/dx, the other a function of r multiplied by «W,,. 
The three equations are then satisfied if these two functions of r vanish, 
and thus we have two differential equations for / and G. The solution 
for a heterogeneous sphere is very difficult, and has hitherto been achieved 
only for simplified cases. But we can see at once that the equations 
involve W, only through n; if a set of values of # and G has been 
obtained for one spherical harmonic disturbance, it is applicable to every 
other disturbing potential of the same degree. 


13-11. Love’s numbers. Vf the original disturbing potential is k,r25,, 
a solid spherical harmonic of degree 2, we define an ‘equilibrium tide’ as 
equal to k,a*S,/9, where g is undisturbed gravity at the surface. The radial 
displacement is aq(a) k,S,. The ratio 
GG he We ee ae (1) 
specifies the ratio of the actual elevation of the surface to the conventional 
equilibrium elevation. Also the total gravitational potential amounts at 
r=ato K, (a) a*8,,, and we put 
TE) SL INI 1g | pea yee (2). 
The potential at external points due to the deformation is kk,a*S,/r?, and 
amounts at r = a to k times the disturbing potential. The numbers h and k 
specify the surface elevation and disturbance of potential due to any 
tidal potential of the second degree. 


13-12. Direct measurement of the displacement of the surface is 
difficult, but the elevation of the ocean tide on an equilibrium theory is 
the total gravitation potential divided by g. The height is therefore 
(1 + k) k,a*S,/9. But the ground is lifted a distance hk,a2S,/g, and all we 
can observe is the displacement of sea level relative to the ground, namely 
(1+ k—h) k,a*S,/g. The ratio of this observed tide to the equilibrium 
tide is 1+ k—h. If we know the tidal potential due to the moon, 
we can calculate the equilibrium tide, and comparison with observation 
determines 1 + k —h. It is necessary for accurate results that the observed 
tides should satisfy an ‘equilibrium theory,’ that is, that inertia should 
be negligible, or that the free period should be short compared to the 
actual period of the tide. The chief results obtained have been those of 
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Michelson and Gale*, from the disturbance of the levels of water in two 
vertical tubes with a long connexion underground; and of Schweydary 
and Hecker, using horizontal pendulums. Proudman has called attention 
to the possibility of using the tides in the Red Seat. The determination is 
appreciably affected by the attraction of the tides in the ocean as a whole, 
which do not satisfy the conditions for the validity of an equilibrium 
theory. For this reason the determination of Michelson and Gale, being 
made at a great distance from the nearest sea, is probably the most 
accurate. It gives 1—h+ k= 0-69. 


13-13. The number & is intimately connected with the motion of the 
earth known as the ‘polhode motion’ or the ‘Eulerian nutation.’ Let us 
consider how a deformable rotating body will move if its rotation is slightly 
disturbed. The centre of mass is taken as origin, and axes of (x, y, 2) 
are taken through it, turning with an angular velocity whose components 
are (@,,6,, 93). If the earth was rigid and these axes fixed in it, the velocity 
in space of any point of it would be 

(— yO, + 20,, — 20, + 20,, — x0, + y8,). 
If now m be the mass of a typical particle of the body and (uw, v, w) its 
velocity components in space, we choose (6,, 4,, 83) so as to make the 
velocities of points rigidly attached to the axes as good an approximation 
as possible to the actual velocities; that is, we make 
dm {(u — 28, + y8s)? + (v— xO; + 26,)? + (w— yA, + 265)} 
a minimum for variations in 6,, 6,, 0,;. Hence we have 


xm {z (v — £0, + 20,) — y (w— yb, + 26, = 0 «00... (1), 
with two symmetrical relations. But 
Lin (yw 20) =e Oe eee (2), 


the angular momentum of the body about the x axis. Also if A, B,C, F, 
G, H are the moments and products of inertia we have 
Dn (y+ 2") =A» Smee = G3 Sy ee 6) 

and (1) is equivalent to 

hy = Ab; —G — Gy, a) eee (4), 
with two symmetrical relations. These have the same form as for a rigid 
body§. The equations of motion have the usual form 

di} 

=e Lif, Opa We Oe nee eee (5), 
where L, M,N are the applied couples, in this case zero. In our problem 
rotation is almost wholly about the axis of z. F, G, H, 0,, 6,, and the variable 


* Journ. Geol. 27, 1919, 585-601. 


+ Verdff. d. Zentralbureau d. Int. Erdmessung, 1921. 
t Observatory, 1925, 386-388. § Cf. Lamb, Higher Mechanics, 1920, 171-173. 
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parts of A, B, C are supposed small quantities of the first order. Neglecting 
their products we can write 


dé, dG 
Ay + (C — B) 6,0, — 0, aR 0,7 = 0 
dé. PF 
(CA) 68, — 8, — G9,2= 0 SRN os (6). 
dé, 
Od = 


From the last we can put 6; = n, a constant, save for small perturbations. 
Also the undisturbed values of A and B are equal. The direction cosines 
of the instantaneous axis are, omitting second order terms, 


. Cari Dean(CHC. UAGa 0) = "On Cay 
whence Al+ (C— A)nm— G+ Fn = (8) 
Bi CAV re Gi 0| 9 i 


Now the earth is rotating about its instantaneous axis, and the displace- 
ments produced by rotation are equivalent to those given by a disturbing 
potential per unit mass 

$n2{(?+ y®+ 2%) — (la + my + 2) = $n? (a? + y2) — n% (le + my) ...(9) 
approximately. The first term is independent of the time; it has been 
already treated in discussing the figure of the earth. The second is a 
harmonic of degree 2. It produces an elastic deformation of the earth 
such as to give an extra external gravitation potential 

SEAL Myer A) see (10). 

But the gravitation potential due to the deformed earth is 

t[F+ (A+ B+ C)r?— 3 (Aa? + By? + Cz? — 2F yz — 2Gza — 2Hxy) 


r ay 
verpre see Il 
by MacCullagh’s formula; whence om) 
3fF = — kn?ma®; 3fG6=—knla® (12), 
kn? a>  - kn?a® 
i+(0-A-—=) 26 
on Cs 3f ) ; caer Patmos (here es (13). 
/ kn?a® . kn? a> 
(4+ we 4 yf m= 0 
If now we introduce a complex variable 
Wile © 9 Pe Oe ee (14), 
A+tkn?ar/3f ' 
and put C— A= kntarpaf tee Hd Weak oxtt a (15), 
the equations combine into 
dw wumw 
Se ee ea 16), 
dt T : ne 


whence =acosn(t—h)/7r; m=asin(t—h)/r  .......... (Leas 
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where a and t, are real arbitrary constants, showing that the axis revolves 
in a circular cone relative to the earth’s axis of figure in period 7 sidereal 
days. We have also 


M 
SEs Deel sais (18) 
and can put p= wag — WO ee (19) 
(the m of Chapter XII). Then 
kn?a>_ kygat_ ik : 20 
af aleay 3 [EI OE es pease tee (20). 
This is small in comparison with A, and we have nearly 
On Ee (21) 
A T 
If we put A/(C — A) = 7 and use 12-22 (9), we find 
2e T) 
v= (— — a ete 4 4 ee hdedode 22 
Eade) (22), 


a result given by Love and Larmor’. 


13:14. For a perfectly rigid earth h and k would be zero, and by 
13-13 (22) the period of the motion is 7, times the period of rotation. The 
motion is in fact the polhode motion discovered theoretically by Euler 
and observable as a wobble whenever a disc or ring is thrown with a spin 
not quite about its axis of symmetry. The ratio A/(C — A) is known from 
the rate of the precession of the equinoxes to be 305. Consequently 
astronomers were led to look for an oscillation of the pole with a period 
of ten months, and it was only after repeated failures to find a motion 
with such a period that 8. C. Chandler in 1891 found a small variation, 
apparently consisting of two parts, with periods of a year and 14 months 
respectively. Both had amplitudes of the order of a tenth of a second 
of arc. It was then pointed out by Newcomb that elasticity would lengthen 
the period, and that the 14-monthly motion was really the Eulerian 
nutation with its period so modified}. 

The question may be looked at in another way. In an elastic earth 
the ellipticity may be considered as composed of two parts. One is due 
to strain and is always symmetrical about the axis of rotation, and can 
therefore do nothing to shift this axis within the body. The other is 
permanent, and affects the rotation just as in a rigid body. It is the 
latter part, the part of (C — A)/A not due to elastic strain, that determines 
the period of the motion; and conversely the observed lengthening from 
10 to 14 months gives a measure of the elastic strain. 

The displacements of the pole are detected through their effects on 
the observed latitudes of observatories. The latitude of a station is by 
definition the mean of the altitudes of a circumpolar star when it crosses 

* Proc. Roy. Soc. A, 82, 1909, 80, 94. + M.N.R.A.S. 52, 1892, 336-341. 
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the meridian above and below the pole*. The altitude is the complement 
& the wenith distance, and the zenith is in the direction opposite to local 
gravity. The mean of the altitudes is the altitude of the celestial pole. 
The colatitude of the station is therefore the angle between local gravity 
and the earth’s instantancous axis of rotation. A motion of the latter 
within the earth therefore affects the observed latitudes of all stations. 
Systematic observations of the variation at six stations in as nearly a8 
possible the same latitude gave the displacements of the pole in two 
perpendicular directions at intervals of 0-1 year for many years and made 
its detailed study possible. In addition to this international programme, 
work of great accuracy hax been done at Greenwich. 

A full harmonic analysis of the observations has recently been carried 
out by L. W. Pollakt. From 1890 to 1923 it seemed impossible to improve 
4 period of 1-20 year for the free vibration. This gives 


PaO sek ee (1). 
Combining this with i—b+4¥=06605° © eee (2), 
we find vO 0 8 ~ atthe (3). 


But these valuce of h and & include effects due to the ocean, which 
yields completely to disturbing forces. If h and k are to be used to infer 
propertics of the earth’s interior it is desirable that the effects of the 
known finid layer should as far as possible be removed first. Unfortunately 
tidal theory is not yet sufficiently developed to permit an accurate estimate 
& the corrections. According to Larmort the correction to & is about 
= 0-02, gv ing 

be OT A Gs Os tee (4). 


The iect on his more doubtful, but Street has shown that a uniform 
oven would increase 1 —h+k by 0-04 of itself. This must be reduced 
to allow for the fact that the ocean covers only part of the earth, which 
ruc. ite fier directly and also prevents the ellipsoidal deformations 
from reaching their full development. We may take the corrected value of 
1—h+k to be 0-67, giving 

Bm O00. Ee, (5), 
aa before, 


132. The problem of the deformation of a homogeneous incom- 


* Behraction ie grest at the lower passage. and makes this method of finding the latitude 
ingccurate in practice; the practical method is that of Talcott, depending on observations 
A dere tare near the wenith, and is discussed in Publ. of BR. Observatory, Greenwich, 
* Observations with the Cookson Boating telescope, 1911-18.” 

4 Gerlanis bobrige, 16, 1927, 103-194. 

4 Pre. Lond. Math, Bx. 14, 1915, 449-443. 

$ UN_EAS. Goh. Suppl. 1, 1925, 292-D6. 
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pressible elastic sphere by body forces was solved by Kelvin*. The result 
is equivalent to 5 


h gpa (1), 


= 9 19 dk 2gpa eee eeeeee 

where p is the rigidity, a the radius, p the density, and g surface gravity. 
With h = 0-6, g = 981 cm./sec.2, p = 5-5 gm./cm.?, and a = 6-4 x 108 cm., 
this gives 


jel 1b 10 dynes/em.2 = eee. ee (2), 


rather more than the rigidity of steel. 

At the time when Kelvin wrote, this rigidity seemed remarkably large. 
But it can now be checked by the seismological evidence. The density 
just below the intermediate layer and the velocity of distortional waves 
being taken as 3:3 and 4:35 x 10° in c.g.s. units, the rigidity is 6-2 x10" 
dynes/cm.? But within the rocky shell these values rise to about 5 and 
7-5 x 105, giving a rigidity near the base of this shell of 2-8 x 10% 
dynes/cm.? Further, a rigidity of the latter order is correct for over 
1000 km. of the rocky shell. The average rigidity within the shell is 
therefore distinctly larger than that of a homogeneous earth that would 
fit the tidal data. Further, the assumption of homogeneity puts the mass 
too far from the centre, where it would be more acted on by tidal forces, 
so that effectively Kelvin’s solution gives the deforming forces a better 
chance than they have in the actual earth. A smaller rigidity than his 
would be needed to fit the tidal data in the actual earth; a larger one is 
needed to fit the seismic evidence. 

Formal solutions of problems allowing for departures of the actual 
earth from Kelvin’s conditions have been given by Herglotz, Schweydar, 
and Love. Herglotz found the deformation of an incompressible sphere 
of Wiechert’s type, with a homogeneous shell over a homogeneous core. 
Schweydar used parabolic density and rigidity distributions of Roche’s 
type. Love allowed for compressibility in a homogeneous sphere. Herglotz’s 
solution has been applied by Schweydar, Love, and myself to various sets 
of numerical data. As the effect of compressibility appears to be small, 
Herglotz’s allowancet for heterogeneity probably makes his solution 
closely applicable to the facts. As a specimen of the results obtained, 
I may quote my own solution{ based on the original Wiechert hypothesis 
with densities 3-2 and 8-2; the rigidities of the shell and core needed to fit 
the variation of latitude would be 3-5 x 10" and 16-5 x 10 dynes/cm.? 
Stoneley§, combining Wiechert’s densities with Knott’s velocities, allowing 
for compressibility, and using a numerical method of solution, got a cal- 
culated yielding about two-thirds of that observed. All the investigations 
of tidal phenomena agree in implying much lower rigidities than seismology 

* Phil. Trans. A, 153, 1863. 

+ Zs. f. Math. wu. Phys. 52, 1905, 275-299. 

{ Memoirs R.A.S. 60, 1915, 198. 

§ M.N.R.A.S. Geoph. Suppl. 1, 1926, 356-359. 
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does. A way out of the difficulty, however, is opened by the suggestion 
that the central core, whose radius is about half that of the earth as a 
whole, is liquid. The densities adopted for the shell and core being those of the 
modified Wiechert distribution considered in 12-45, with a rigidity of the 
shell of 1-695 x 10! dynes/cem.2, it is found* that zero rigidity of the core 
would make h = 0-667, k = 0-372; a rigidity of the core equal to that of the 
shell would make h = 0-364, k = 0-191. The latter results are much too low 
to fit the tidal data, and definitely imply that the core is less rigid than 
the shell absolutely, and not merely in comparison with its density. The 
results for a liquid core are a little too high, but it appears probable that 
they would be appreciably reduced if we allowed for variations of density 
and rigidity within the two layers. A liquid core would then make it possible 
to reconcile the tidal and seismological data; a core with a rigidity related 
to its bulk-modulus (about 10!* dynes/cm.2) in any ratio admissible for a 
solid would be entirely impossible. 


13-3. We can now proceed to consider the forced variation of latitude 
due to periodic variations of the products of inertia, that is, to parts of 
F and G not determined by 13-13 (12). It is convenient to introduce an 
‘axis of inertia,’ whose extremity is the ‘pole of inertia,’ with direction 
cosines (A, uw, 1) defined by 


where F, and G;, are the extra parts of F and G. 


This axis is the axis of maximum moment of inertia of the body whose 
moments and products of inertia are 


A,A,A (1 a =), Fi, Cen 
Using this axis makes it possible to reduce 13-13 (8) to the simple form 
le ie 
=p 


Le 
nN 


Now / and m may be found from the polar motion, being indeed the 
component angular displacements of the pole. If then some explanation 
of the annual variation of latitude is suggested, and we can find the 
corresponding annual variation of F, and G,, we can compare the two 
sides of equations (2) and obtain a quantitative test of the hypothesis. 


13-31. We have now to express F, and G,, and hence A and p, in terms 
of the mass-transference that occurs during the year. Suppose the annual 


* Jeffreys, M.N.R.A.S. Geoph. Suppl. 1, 1926, 371-383. 
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component of the mass per unit area on an element of the earth’s surface 
to be $0 cos © + $o’ sin ©, where © is the sun’s longitude. Then 


Ei gtes | | pyzdudydz through the volume 
= { (4a0cos © + do’ sin ©) yzdS over the surface 


7 p27 
= (40 cos © + $0’ sin ©) sin?0 cos @ sin éd0d¢ ...(1), 
0/0 


7 (27 
C= at | | (40 cos © + 4o’ sin ©) sin?6 cos 6 cos Sdbdd ...(2), 
: 0/0 


where a is the radius of the earth, 0 the colatitude, and ¢ the longitude 
east of Greenwich. The axis of x is thus taken in the plane of the equator 
and intersecting the meridian of Greenwich, and that of y 90° east of it. 
o and o’ are functions of 6 and ¢. 

These values of F, and G,, however, require to be corrected for the 
effect of elastic yielding in the earth under the pressure of the superficial 
matter. If the variable part of the mass per unit area is m, let m be 
supposed expanded in spherical harmonics. Let one term in this expansion 
be a sin 0 cos @ sin ¢, = aS,, say. Then F',has exactly the same value as if 
m were actually equal to aS,. Now the strain due to any harmonic in m 
can be treated separately, and the radial displacement will be propor- 
tional to the same harmonic as the surface density. Hence no harmonic 
other than S, can contribute anything to F',. All we need to find, then, is 
the strain in the earth due to a surface layer of density aS,. The theory of 
the elastic deformation of the earth has not yet been carried far enough to 
find this; all we can say is that the strain will reduce F, and G,in a con- 
stant ratio, which we shall call x. 

Using A = 4Ma?, where MM is the mass of the earth, we have 

ASSat Age ure ii iig = ae SU We eee ee (3), 
where ee 


dy = — 91x 10-3 | 


| (o cos © + o’ sin ©) sin?6 cos 0 cos ddbdd 
0 Jo 


ee 
7 (27 
Myo = — 9" 1x 10-9 [ | (o cos © + o’ Sin ©) sin?@ cos @sin ddédd 

0 J0 


where o and o’ must now be expressed in grams per square centimetre. 

We are now in a position to treat various putative causes separately. 
There are several obvious annual changes in the distribution of mass over 
the surface that could affect the products of inertia. Evidently, if the 
whole of the surface of the earth were of similar character, either land 
or sea, or even if the distribution of land and sea were symmetrical about 
the polar axis, /’, and G, would necessarily be zero, and there could be no 
displacement of the axis of rotation. The chief methods of redistribution 
of matter over the surface in the course of a year are apparently 

(1) the seasonal variation in the distribution of air over the surface, 
shown by the variation of atmospheric pressure observed at the surface; 
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(2) precipitation of snow, which accumulates in places throughout the 
winter; 
(3) periodical changes in vegetation, such as the formation of deciduous 


parts of trees, the rise of sap in trees, and the formation of annual parts 
of herbs. 


13-32. The numerical data for the estimation of the effects of the 
annual redistribution of air have been found from the annual variation of 
pressure over the earth, given in Bartholomew’s Meteorological Atlas; 
though a recalculation with more modern data may be desirable. Allow- 
ance must be made for the effect of the pressure on the sea surface in 
redistributing the water of the ocean. If m be taken to refer to the mass 
of air and water together per unit surface, we have from the law of in- 
destructibility of matter et 2 A aS ee (1) 


taken over the whole surface of the earth, both land and water. 

But for an annual motion the elevation of the ocean surface must have 
practically its equilibrium value. In other words, the water will adjust 
itself so that the pressure is uniform over any level surface and therefore 
has no tendency to produce horizontal movement. In these circumstances 
the mass per unit area of the surface above a given level must be uniform 
over the ocean; and the periodical variation of the mass per unit area is 
therefore the same all over the ocean. Let its value be m’. Then 


m' ffaS + f[mdS=O0 ee, (2) 


by (1); where the first integral extends over the sea and the second over 
the land. If, then, m, be the mean value of m over the land, 


m’ = — m, (area of land)/(area of sea) 
eee HL mee. yO, er ee (3), 
Next, F’, = ffmyzdS8 over the whole surface 


= J{m'yzdS over the ocean 
+ JfmyzdS over the land 
= Jf (m+ 0-40m,) yzdS over the land _......... (4). 


Use has here been made of the fact that SfyzdS, taken over the whole 
surface, is zero. Similarly 


G, = Jf (m + 0-40m,) zadS over theland ......... (5). 

On carrying out the numerical integrations, we find 
4 = 07-0040 cos © + 0"-0051 sin © | 
Ho = — 0"-0134 cos © + 07-0659 sin @ f 


A correction is, however, required; or rather, a correction already applied 

needs to be removed. The pressures given in the meteorological charts 

are not the true atmospheric pressures at the places concerned, but these 
JE 16 
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pressures reduced to sea-level according to a formula given by Laplace*, 
which depends in part upon the temperature. To find the mass of air 
over a given area, however, we need, not these modified values, but the 
true local pressures; the correction included in the charts therefore needs 
to be taken out again. This requires that to the values of A) and py just 
found we must addt 


Ay = 0":0000 cos © — 0”:0014 sin © 
fo = 0”-0128 cos © — 0"-0315 sin - 

The atmosphere and ocean together therefore contribute an amount 
A=  0":0040 cos © + 0"-0037 sin © | 

iy = — 0"-0006 cos © + 07-0344 sin oJ 


The greater part of the contribution comes from the seasonal change in 
Central Asia, whose chief meteorological correlate is the monsoons. For 
this reason the greatest part of the displacement of the pole of inertia is 
towards Central Asia in summer, when the amount of air there is a mini- 
mum, and away from it in winter. 

It may be remarked that it would be incorrect to say that the part of 
the annual variation of latitude derived from (8) is due to the annual 
variation of pressure. It has been seen that the annual variation of latitude 
depends simply on the products of inertia of the earth as a whole, the 
atmosphere being included, and the atmospheric pressure is used only as 
an observable quantity that enables us to infer the mass per unit surface ; 
that it does not affect the motion directly is seen from the facts that it is 
equal to the product of gravity into the mass per unit area, and that 
gravity nowhere occurs in the results. 


13-33. The Lffect of Precipitation. In this investigation we are con- 
cerned only with those modes of transport of matter that cause a variation 
in the mass per unit area over the surface. For instance, if rain falls upon 
a particular spot, and at once runs away to the sea, it contributes nothing 
to the elements of the products of inertia corresponding to that point. 
Similarly, if it evaporates at once, it contributes nothing to the elements 
derived from the solid and liquid parts of the earth; the presence of the 
water vapour in the atmosphere, however, will affect the mass of the 
atmosphere locally, and consequently its mass will be included in the 
variations already inferred from the distribution of atmospheric pressure. 
Thus the effect of water vapour in the atmosphere has already been con- 
sidered. This section is concerned only with those parts of the precipitation 
that remain on the ground for a considerable time. These are, first, the 
water that is absorbed by the soil; second, the snow that lies on the 

* Mécanique Céleste, edition of 1880, 4, 294. 


} The numerical data for this computation and that of (6) are in M.N.R.A.S. 76, 1916, 
499-525. 
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ground in winter. Data for the first part are almost entirely lacking. In 
this country the soil is wetter in winter than in summer, principally owing 
to the reduced evaporation; the annual variation of rainfall is not nearly 
so great as that of soil-moisture. In countries, however, where most of 
the rain falls in summer, this state of affairs may be reversed. On the 
whole it seems probable that the effect of soil-moisture is small in com- 
parison with that of snowfall. 

A rough estimate of the effect of snowfall can be made easily. Snow 
accumulates in winter to a considerable depth over a great part of Canada 
and the United States, and over the greater part of Asia down to about 
the latitude of the Tian Shan. In South America the amount of snowfall 
is small, and in Australia it is negligible. On the assumption that in the 
areas of Asia and North America where snow accumulates, it does so at 
a uniform rate until the spring thaw, I estimate* that the contributions 


to Ay and pip are A) = — 0":0238 cos © + 0"-0175 sin ©, 


My = — 0"-0126 cos © + 0"-0093 sin ©. 


13:34. The effect of vegetation is small compared with that of the 
annual displacements of air. In woodland and natural grassland the mass 
of vegetation per unit area in summer exceeds that in winter by one or 
two grams per square centimetre, whereas the corresponding difference 
for atmospheric motions in Central Asia is about 10 grams per sq. cm. 
Thus the effect of vegetation is much less than that of atmospheric dis- 
placements; but it is sufficiently great to be observable, were it not asso- 
ciated with other larger displacements of the same period. The contribu- 
tions from this source are roughly 

Ay = 0"-0017 cos © — 07-0038 sin ©, 


My = 0"-0024 cos © — 0”-0055 sin ©. 


13-35. Accumulation of ice and snow round the poles may be summed 
up under two types. 

The first includes the deposition of snow during the winter, with its 
removal partly by evaporation and partly by glacier flow during the 
summer. This part would correctly be included under snowfall. On 
account, however, of the symmetry of the permanently frozen areas about 
the poles, it seems very unlikely that this portion can contribute anything 
appreciable to the movement of the instantaneous axis. 

The second type is due to the freezing of the oceans. Freezing in mid- 
ocean would necessarily lead to no change in the mass per unit area; for 
the ice must float in such a way that its mass is equal to that of the water 
displaced, and it is also necessarily equal to that of the water it was 
formed from. Thus the water displaced has the same volume as the 


* Loc. cit. p. 520. 
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frozen water, and the freezing produces no vertical movements of water 
such as are necessary to start horizontal motion. Ice attached to the 
margin of a continent may behave differently, but even in this case, on 
account of symmetry about the polar axis, the contribution to the motion 
of the axis must be small. 


13-36. Summing up our results, we have the following: 


ry Ho 
Atmosphere and ocean 0”-0037sin © + 0”-0040 cos © 0”-0344 sin © — 0”:0006 cos © 
Snowfall 0”-0175 sin © — 0”:0238 cos © 0”-0093 sin © — 0”:0126 cos © 
Vegetation — 0”-0038 sin © + 0”:0017 cos © —O0’:0055sin © + 0%-0024 cos © 


Total 0”:0174sin © — 0”:0181 cos © 0”:0382 sin © — 0”:0108 cos © 


The actual motion of the pole of rotation was found by Kimura* to be 
given by 


l= 0”-011 sin © — 0”:096 cos ©) 
F ‘ ‘. from 1893-8 to 1899-8, 

m = — 0-051 sin © — 07-004 cos o| 

and l= 0”-008 sin © — 0”:064 cos © | 
: from 1900-0 to 1907-0, 

m = — 0-056 sin © + 0"-006 cos @| 


and by the present writert to be 
T= 0”-038 sin © — 0”-055 cos ©| 
m = — 0"-061 sin © — 0"-017 cos of 
Taking 7 = 430, and using 13-3 (2) with x = ?, we derive from these 
A = 0"-006 sin © — 0"-036 cos ©] 
py. = 0-062 sin © + 0-009 cos of 
A = 0"-015 sin © + 0”-002 cos ©) 
py = 0-019 sin © + 0"-015 cos of 

A = 0"-018 sin © — 0-017 cos ©| f 10071 6 NOTED 

py = 07-004 sin © + 07-028 cos @| none : a 
The most striking feature of these motions of the pole of inertia inferred 
from the motion of the pole of rotation is their variability among them- 
selves. They resemble one another and the calculated motion in that all 
are of the same order of magnitude and retrograde (i.e. from east to west), 
and the largest term in the motion inferred from meteorological data, that 
in py Involving sin ©, is twice represented by the largest term in the values 
inferred from astronomy; but that is all that can be said. The variation 
is probably too great to be attributed to observational error, and certainly 


too great to be attributed to real variations in meteorological conditions 
from year to year. 


from 1907-1 to 1914-0. 


from 1893-8 to 1899-8, 


from 1900-0 to 1907-0, 


* Ast. Nach. 181, 4344. His x is 1, and his y is — m. 
} Loc. cit. pp. 523-525. 


CHAPTER XIV 
Tidal Friction 


“Ye fyul, sez a chep, it’s a bonny myun, 
They’ve ketched and myed it a clock fyece.” 


Tyneside song, ‘The Fiery Clock Fyece.’ 


141. Nature of Tidal Friction. In our discussion of the resonance 
theory of the origin of the moon, it was seen that this theory implies that 
the moon was initially within a few thousand kilometres of the earth’s 
surface, and that the earth at that time rotated in a few hours. In these 
circumstances the angular momentum of the earth’s rotation much ex- 
ceeded that attributable to the moon’s revolution. On the other hand, the 
angular momentum of the moon’s revolution is now about five times that 
of the earth’s rotation, and it was assumed as essential to the resonance 
theory that some physical process exists that has been competent to 
produce the requisite reduction in the speed of rotation of the earth and 
the associated increase in the mean distance of the moon. 


i 
ay Coy 7 


ie ese jy 


iS ae = 


Figs. 15 and 16. 


Tidal friction is qualitatively, and probably quantitatively, capable of 
producing such an effect. The nature of the action of the tides in slowing 
up the earth’s rotation and driving the moon further away may be 
illustrated as follows. Let min Figs. 15 and 16 denote the moon, while the 
circle enclosed by the thick line represents the equatorial section of the 
solid earth. The arrows indicate the directions of rotation and revolution. 
If the solid earth were a perfect sphere, devoid of friction, the tides raised 
by the moon in a deep ocean would be at A and B, vertically below the moon 
and straight opposite to it, as shown by the continuous ellipse in Fig. 15. 
Moderate rotation would affect the height of the tides, but not their position 
with reference to the moon. During the revolution of a particular point P 
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on the earth’s surface, the water level above it will still rise and fall when 
rotation is taken into account, the maximum tide height occurring when the 
point is just below or just opposite to the moon, and the minima at the two 
positions of quadrature. If, however, friction is present, it will delay the 
times of maximum and minimum elevation at a particular station, in 
accordance with the well-known effect of friction in making small oscilla- 
tions lag in phase. Thus the highest tide at P will not occur till some time 
after it has passed A or B, and the form of the section of the water level © 
by the equator will resemble the ellipse in Fig. 16, the high tides being 
at C and D. 

Now let us consider the attraction of the tides on the moon. For 
simplicity the two high tides may be replaced by two heavy particles at 
the opposite points C and D. The attraction of C on the moon is along mC, 
and that of D is along mD. That of CO is the greater, for it is nearer to m. 
Neither force acts accurately along the radius joining the centre of the 
earth to the moon, and therefore both have components at right angles 
to it. That arising from C is evidently the greater, both because the 
resultant force due to C is the greater, and because the angle CmO is 
greater than DmO. Thus there will be on the whole a force on the moon 
with a component in the direction of its revolution. 

Similarly we may consider the attraction of the moon on the two tidal 
protuberances. We see that the force on C is greater than that on D, and 
further, on account of the fact that the angle CmO is greater than DmO, 
its line of action passes further from the centre of the earth. On both 
grounds it has a greater moment about the centre of the earth. Therefore 
an effect of the moon’s attraction on the tides is to produce a couple 
tending to turn the earth in the direction opposite to its rotation, and thus 
to slow up its rotation. 

Similar results will evidently hold even if there is no ocean, but the 
interior of the earth is imperfectly elastic. On account of its elasticity, 
the form of the solid earth will be somewhat distorted by the moon’s tidal 
action; and imperfect elasticity will cause the greatest elevations to be, 
not at A and B, but at places like C and D. Thus bodily tides, like oceanic 
tides, will tend to accelerate the moon and retard the earth. 


14-2. Effects of Tidal Friction. The above simple discussion does not 
consider the complications introduced by the irregular form of the oceans. 
It is not to be expected, however, that such a complication will prevent 
the existence of the couples. The solar tides, further, behave similarly to 
those raised by the moon, and therefore have to be taken into account 
in a quantitative discussion of the effects of tidal friction. 

Let the masses of the earth, moon and sun be respectively M,m, and m,. 
Let the mean angular velocities of the moon and sun about the earth be 
m and n,, and their distances from the earth c and c,. Let the retarding 
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couples acting on the earth due to the lunar and solar tides be respectively 
— N and — N,. Let the earth’s angular velocity of rotation be Q, and its 
principal moment of inertia about its polar axis O. Then 


Rea TP (Mem) neha fly tM) eeceees (ys 
where f is the constant of gravitation. Put 
C= ob, M = MER; Cy = Cy Gy, My = My by? —ssseeeees (2), 


where the zero suffixes indicate the present values of the quantities they 
are attached to. 

The moon revolves about the centre of gravity of the earth and moon 
together, the distance of which from the moon is Mc/(M + m). The angular 
velocity of the moon being n, the linear velocity is Mcn/(M +m), and 
therefore the angular momentum of the moon about the centre of the 
earth is Mc*n/(M + m). That of the earth’s rotation is CQ. By Newton’s 
Third Law, to the couple — N acting on the earth must correspond a force 
acting on the moon, whose moment about the centre of the earth is + N. 
The solar tides will have no secular effect on the moon, for their period is 
different, and therefore in the course of a lunar synodic month they are 
presented to the moon in all aspects. Thus they will accelerate the moon 
in one half of the month as much as they retard it in the other half. Thus 
the solar tides will not affect the moon; similarly the lunar tides, in the 
long run, will not affect the sun. Now noticing that c?n = c?n,€, we see 
by taking moments about the centre of the earth for the moon, sun, and 


earth respectively that en dé 
a yy eae 
Man Noy Sn PUT ey eset cco (3), 
mM 5, ds 
Wee Tr 0 0 Ge = NG cans i et (tae kor ate (4), 
dQ, 
Ci SS N = N, eeecereee (5) 


If # be the total mechanical energy in the system, it decreases at a rate 
equal to the sum of the rates of performance of work by the angular 
motions in overcoming the operating couples. This gives 


dH 


= IN ENO Na — Nyy Bae (6). 
Consider the effects of the lunar tides separately. These give 
dH 
— a = N(Q—2n) Aseoane es} Gh: 


Since the couples arise from dissipation of energy, the left side is essentially 
positive. Thus NV has the same sign as 2 — n. In the earth-moon system 
this is positive, and therefore JN is positive. This argument is independent 
of any assumption about the form of the ocean or the nature of the elas- 
ticity of the earth. Similarly we can see that N, must be positive. It 
follows from (3) and (4) that the mean distances of the moon and sun must 
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be increasing, and accordingly their mean motions, in comparison with 
an inertial system, must be decreasing. It follows again from (5) that the 
rate of rotation of the earth must be decreasing. 


14-21. Consider now what the ratio of NV to NV, is likely to be. The 
potential at the surface of a body due to a mass m at distance ¢ can be 
put in the form fm _ fm (a x, Qe8— yt— 2) a) 

R = C C =i Fa Ie2 eeeseeeee > 


where the axis of x joins the’ centres of the two bodies, that of z is the 
polar axis, and that of y is perpendicular to both. The acceleration of the 
body as a whole has components 

/ \ oo = a rmx 

(2.0, o}= (Sas) e pote sass (2) 

c? / da’ dy’ dz] c 

The distortion of the body is due to the difference between the actual 
potential and the potential that would displace it without changing its 
form. Apart from a constant term, this difference is equal to 


fm (9 2 22) 3). 


2x2 — y? 
03 ( y 


We may now introduce spherical polar coordinates at the centre of the 


earth, so that pen Pee) Gon _) 


y=rsin@sin d 

z= rcos 0 | 
Then @ is the colatitude of the point considered, and ¢ is the difference 
between its longitude and that of the moon. (3) becomes 


mr? é i 
f Fes > {($ — $ cos?0)+ 3sin?@cos2¢} st... (5). 


The two terms of this are spherical harmonics. The first is independent 
of the longitude of the point considered, and therefore can produce only 
a permanent tide not moving with the moon. The second term generates 
the semidiurnal tide, for we see that it has maxima where ¢= 0 and 
¢ = 7; that is, just below and just opposite to the moon. Thus the tide- 
generating potential is , 2 
2 SP Tis 3 fmr? 
4 3 

The tide raised by the moon will be expressible as the resultant of a 
number of surface harmonic displacements. The couple due to the attraction 


ain®@ena ee  exccewn (6). 


Q U 


of the moon on an element of the earth’s mass i IS p= 5 dr, where dr is an 


element of volume and p the local density. The total couple is therefore 


SNe [i | spit sin?@sin2¢r2drdw —......... (7), 
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where dw is an elementary solid angle, so that 
Cent Or Uae ae (8). 


The integral is to be taken throughout the earth. If we consider only 
the oceanic tide, p is a function of 7 and @ only within the solid earth, and 
therefore the integral up to the mean position of the ocean surface con- 
tributes nothing to the couple. If the height of the oceanic tide is h, and the 
radius of the earth is A, the integral up to the actual ocean surface becomes 


2 4 
PK Paha | | te phsin?@sin2dda —— seseseee. (9), 
where p now refers to the ocean alone. We see that none of the harmonics 
involved in h, save that in sin?@ sin 24, can contribute anything to the 
couple. Let this one be expressible in the form H sin26 cos 2 (p — €). 
Evidently 2¢ is the phase lag introduced by tidal friction, corresponding 
to double the angle COA in Fig. 16. The portion of this harmonic involving 
cos 2 cos 2e vanishes on integration with regard to 4, and we are left with 


4 7 pa 
Le pt | | sin56 sin? 2¢ sin 2¢ dodd 
0 


= IN = = 
Dee J0 


yale : 
57 8 DUES 2eRR | eed paren (10). 
A similar discussion is applicable to the solar tides. 
If suffix 1 indicates that the quantity it is attached to refers to the 
sun or to the solar tide, we evidently have from (10) 


N/N,= ms sin he Bi ek eo (11). 


Cy 
: eT Ms , : 
We notice that the ratio ai / a3 38 the ratio of the amplitudes of the two 
1 


tide-generating potentials due to the moon and sun. If then the periods 
of the two tides were equal, and if the laws determining the tides were 
linear in the displacements, we could calculate the two tides separately; 
their phase lags would then be equal, and their amplitudes would be in 
the ratio of those of the disturbing potentials. Thus we should have 


N mjc? \2 
v= aed re AC): 
This ratio is about 5-1. 


14-22. We readily see that the above argument can be generalized so 
as to be applicable to the bodily tide. The displacements at all points of 
the interior will be nearly in proportion in the lunar and solar tides, 
provided only that the periods are far from resonance. This hypothesis 
is justified by the fact that the period of free vibration of a fluid earth 


250 Tidal Friction 


would be less than two hours, and this would be shortened by elasticity ; 
while the periods of both tides are about 12 hours. Thus internal motion 
will introduce into (9) and (10) only such factors as will be the same for 
both moon and sun, and therefore (11) will hold. But the conditions for 
inferring (12) from (11) are also satisfied, for we cannot suppose that the 
small strains involved in bodily tides produce friction proportional to 
any power but the first. Thus in this case 


N/N, = 6-1. 


14-23. Lags in the ocean tides produced by viscosity give the same 
ratio. Much tidal friction, however, takes the form of skin friction in 
regions of strong tidal currents; it will indeed be seen later that this is 
probably the most important type operative at the present time. Skin 
friction is proportional to the square of the velocity of the tidal current, 
and therefore it is no longer justifiable to treat the lunar and solar tides 
separately and add the results. If, however, friction is too small to alter 
the character of the tides seriously, we may estimate the ratio in another 
way. The effect of friction is to introduce a reaction from the sea where it 
occurs upon the water of the ocean as a whole. Friction changes sign with 
the tidal current, and the reaction will therefore contain a portion with a 
period equal to that of the tide; this portion will produce a small tide in the 
ocean, out of phase with the tide unaffected by friction. The tide unaffected 
by friction gives by hypothesis no dissipation of energy and therefore no 
tidal couples; these arise from the attraction of the moon and sun on the 
small tides produced by the reaction caused by friction. 

In a region where friction is considered, let u be the velocity of the 
lunar current, and v that of the solar current. Suppose the origin of time 
so chosen that we can write 


“w= asin pt; v= bangle weceesus (1). 


Evidently 6 is considerably less than a, and their ratio is approximately 
the same all over the earth. Further, 


p= 2(Q-—n); q=2(Q—n)- s.r aeeneee (2). 
To a first approximation only we may suppose the whole velocity to 
be asin pt + bsingt. We require to use this so as to proceed to an 
approximation to the form of the frictional forces. The frictional force is 
F=k(uw+)’, directed against the resultant velocity; or, in a form that 
puts in evidence the fact that it changes sign with the velocity, 


FP=ak|utol(wePwy. acne (3), 
where | w+ v| denotes the absolute value of u + v. 
Let the two parts of / whose periods are equal to those of the semi- 


diurnal tides be P sin pt and Qsin gt. Other parts can give only tides 
whose periods are different from those of the disturbing potentials, and 
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will therefore give only periodic effects on the moon and sun. We need 
therefore consider only these two terms. Now 


2n7r 
aP = Lim [ F' sin ptd pt 
J0 


n>o 


rn 
oe Tin -| F sin qtdgt 
UZ) 


= 2 Lim = { F sin Lani Se ae 5). 
Pranrohlo q 2 ( ) 
Put DEO ROD eT S 8 sae NIN 9 MUS sas (6). 


Then 
il 2n7r 
7P =Lim= |" k 
nso 


asiné+ bsinré| (asin @+ bsinr6) sin 6d ...(7), 


2n7 
1) = Lim k| asin 0 + bsinr6| (asin 0+ b sin 76) sin r0d6 ...(8). 
J0 
Neglecting 6 in (7) we find 
mP = 2ha®|"sint@d0 = Bka® essen (9). 
J0 


Let 0,, be the mth zero of (asin 0+ bsinr6), not counting the origin. 
It we neglect 6?, we see easily that 


On = mr — ( 1)? sin TINTED aie erie yt aa! Pea R (10), 
kg 21 eae ye : : 
r= Lim 2 (- 1" | (asin 0+ bsinrO)2sinr0d0 ...... (11). 
m=0 Om 
The general term in the sum in (11) is 
pla etait 6 : s(2+7)04 : cos (2—1r)6 oo 
a {7 608 2a) ith 1 2(2—1) ( 
1 i ) 
weg Seales IED oe oe] 
+ 2ab {cose Ort syed ESOS ieee SNC a 


[+ terms in b? 


: tl 
aoe i) eee [a2 (cos (m + 1) m— cosrmm} 


= ery 8 (2+ 7) (m+ 1) a — cos (24+ r) mr} 


+ {cos (2— r) (m+ 1) 7 — €08 (2 ~ r) mn} | 


oh 
2O= 7) 
+ Lab {cos 2r (m + 1) 7 — cos 2rmm} 
— ¢ab {cos 2 (1+ 7) (m+ 1)m7—cos2 (1+ 7) m7} 
— dab{cos2(1—7)(m+ 1) m7 - cos2(1—17) mm} 


+ 2ab 2 — teeny {cos (27 + 1) (m+ 1) a — cos (2r + 1)'mr} 
+ Pay my 008 (2r — 1) (m+ 1) a — cos (2r — 1) ma} Seaeonese (12). 
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These terms are to be added for all values of m from zero to 2n — 1. 
Evidently the terms with m in the argument form several series of cosines 
of angles in arithmetical progression, and therefore their sum never exceeds 
a definite finite amount. Thus the integral gives 


7Q = Lim a 2ab (2n + d), 


where A does not tend to infinity with n 
== 40g00/p 4 ee eer ee (13). 
Q_3q6 14 
Thus Priga. ©) eeey gece (14). 


This gives us the required approximation to the ratio of the reactions. 
Now since by hypothesis the ocean is far from resonance, and r is not 
far from unity, the amplitudes of the tides introduced by friction will be 
in proportion to the corresponding terms in the force that produces them, 
and the phase lags will be equal. Thus in 14-21 (11) we have 

HP 2G: 

HO ee ee 
The factor q/p is nearly unity, and may be omitted. The ratio b/a arises 
from the theory before friction was taken into account; hence in calculating 
it the assumption that the laws involved are linear in the displacements 
is correct, and therefore 


a mice 
ee ee ee 16). 
6b m,/¢,3 Oe 
: H 2 mie 
Se ssn w wc wav bi. 
Thus (15) gives Hees mace (17), 
and finally substituting in 14:21 (11) we have 
N 2p mje? \2 
a = = ee (18) 
= 3-4. 


Thus the solar tidal friction is a larger fraction of the lunar in this case 
than when the friction follows a linear law. 


14-3. The Secular Accelerations of the Sun and Moon. Let us now 
consider the effect of the variations in the angular motions on observations 
of astronomical phenomena. Suppose that n, m, and Q are known from 
observations over a short interval near time zero, and that from the values 
found we infer that a known fixed star would cross the meridian of Green- 
wich at time 7’ if all these quantities were constant. Then the effect of 
the variation in the speed of the rotation of the earth is to put the earth 
ahead in time 7’ by an angle $7? = if we neglect variations in = : 
The earth’s angular velocity being Q, the meridian of Greenwich will 

LEDS 


therefore reach a given star in time 7’ — 5 Ow instead of in time 7’; 
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in other words, the time of transit of a given star across the meridian is 
2 

hastened by a2 = . The moon moves among the stars with angular velocity 

mn, and therefore the alteration of the time of the observation makes the 

moon an angle soe = behind its calculated position when the star transits. 

On the other hand, the change in its own angular velocity puts it ahead 

dn é ; dn n dQ 

Lpeee ig 172 

by an angle 47 dg i time 7’. Altogether, then, it is 47 (F re) ai) 

in front of its calculated position when the star transits. Thus, in com- 

parison with the positions inferred for time 7’, the moon is subject to an 


advance through an angular distance 47? & — 5 =) . This is equivalent 
to saying that the moon appears to have, relative to the stars, a steady 
secular acceleration - — 6 = Let us denote this by v. The sun similarly 
will have a secular acceleration, which we shall denote by v,. Then 
dn n dQ 
LP ap = oO Ui eeccccces (1), 
— dn 2, dQ 
ike Fe Sauer Mya Wee) ae eeaoess (2). 
dn o0e= di OD 
But from 14-2 (2) <Epema 3M E ai ee oe BIS; dp (3). 


Let us now substitute in (1) and (2) the values of the differential coefficients 
found in 14-2 (3), (4) and (5). Then 


gUtm NéE* N+N, 


Mm Co? T CQO Nees ee eceeece (4), 
Wipe ee ey ae ON LEN; a. 
Vy 3 neal re oe CO ise ae ee (5). 


So long as intervals of only a few thousand years are considered, € and é, 
may be taken equal to unity without sensible error. Let us put 
Mm 2% 
ak ey ee cee 6 
M +m ), K ( ), 


so that « is the present value of the ratio of the orbital angular momentum 
to the rotational angular momentum of the earth. Taking 


NOS ORR Ta NR eg (7): 

we have fot Oo ee i ene ee men reer, (8). 
M. 

Then (4) reduces to v= Ton te SEN Ce icy Yea Eo So eeay se. (9), 


where the zero suffixes have now been dropped, since the quantities are 
nearly equal to their present values. 
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The ratio of the first term on the right of (5) to the second is 
SN Ge) en It m 1 
N+N,¢2n, Mtm x’ 
The first factor is of order unity, the second 10-4, the third 10-?, the 
last 4. This ratio is therefore very small, and the first term on the right of 
(5) may be neglected. Then (5) becomes 
MimnN+N, 
~~ EMnm nC 


14-31. Now v and », are capable of being found from a comparison of 
present-day astronomical observations with ancient ones. In particular, 
it is evident that a determination of the time of the occultation of a star 
by the moon, or of the conjunction of the moon with a star, will give 
v directly. Again, the moon in time 7 will gain on the sun in longitude 
by 4 (v — v,) T? in comparison with the calculated motion, and therefore 
since N T, Thus obser- 
2N— Ny 
vations of the times of eclipses make it possible to find v — 1. 

The magnitude of a lunar eclipse is determined by the distance of the 
moon from the node at the time of conjunction or opposition to the sun. 
The motion of the node has no part arising from tidal friction, and is 
therefore known from the purely gravitational theory of the moon’s motion. 
The longitude of the moon at the time of eclipse is increased by an amount 

a) 
2, 
also by $vZ? on account of its own secular acceleration. Thus the effect of 
the two accelerations jointly is to increase the moon’s longitude at the 
nV, — Ty 


all lunar eclipses will occur earlier by an interval 


(v — v,) ZT? on account of the earlier time of the eclipse, but 


time of eclipse by ; T?. The magnitudes of the eclipses therefore 


— ny 
give nv, — nv. The times and magnitudes together give v and r, separately. 
The same arguments would apply to a solar eclipse as seen from the 
centre of the earth; but owing to the secular change in the rate of the 
earth’s rotation the spot on the surface where the magnitude of the eclipse 
is greatest will be altered. Thus the discussion of solar eclipses is more com- 
plicated than that of lunar ones. 
It may be noticed, incidentally, that 
dn, dn 
din 3 Ge 
and therefore the magnitudes of the eclipses do not involve the change 
in the rotation of the earth. This result is evident ab initio, since they 
involve only the positions of the sun and moon and the centre of the 
earth. Again, dn,/dt has been seen to be very small, so that practically the 
magnitudes of the eclipses give a direct determination of dn/dt. 
Observations of the time of passage of the sun across the equator, when 


W,—Nv=Nn 
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the precession of the equinoxes is known, give the secular acceleration 
of the sun directly. 

Many ancient observations by Greek, Babylonian, Chinese, and 
Egyptian astronomers have been discussed with a view to the determina- 
tion of the secular accelerations. The most recent and the most thorough 
of these discussions is that of Dr J. K. Fotheringham. The following table 
is taken from his summary* of the information obtainable directly from 
observations of several different types. His LZ is equivalent to 4v of this 
chapter. The unit is a second of are per century per century. 


Lunar eclipses 


foo eee eens er ee Solar Occultations and 
Times Magnitudes eclipses Conjunctions Equinoxes 
v — — 21-0 21-60 + 1-40 — 
Vy — 3°56 + 0-90 2:0 — 3°66 + 0-54 
Vy 17-8 + 2°6 — 19-0 = — 


Fotheringham has discussed the solar eclipses afresh}, and it is shown 
by the diagram on p. 123 of his paper that a secular acceleration of the 
sun of 2”-1/(century)?, and one of the moon of 20’-7/(century)? would 
satisfy them all, but no smaller value of the solar secular acceleration is 
permissible. It might, however, be as large as 3”-3/(century)?, combined 
with one of the moon of 22”-0/(century)?. He decides that on the whole, 
judging purely on the observational evidence, the most probable values 
of the secular accelerations are 21”-6/(century)? and 3”-0/(century)?; but 
they satisfy the observations more accurately than the probable errors 
would lead one to expect, and consequently some latitude of interpretation 
is permissible. 

The lunar theory, however, indicates a secular accelerationt of the 
moon of 12”-2/(century)?. The portion attributable to tidal friction is 
therefore only the unexplained excess, namely about 9”:0/(century)?. 


14-32. With these values of v and »v, it should be possible to solve 14:3 
(9) and (10) for N and J, and to find their ratio, and also to substitute 
in 14-2 (6) and find the rate of dissipation of energy directly, without any 
hypothesis as to the nature of the tidal friction. It appears, however, that 
the solar acceleration is uncertain by a larger fraction of its amount than 
the lunar, and it may be preferable to determine theoretically the ratio 
of the two accelerations, and thus to infer the solar acceleration from the 
lunar. Even this cannot, however, be done with much accuracy if the 
friction varies as the square of the velocity, for squares of the height of 
the solar tide had to be neglected in 14-23 in inferring the ratio of the 
frictional couples, and an error of the order of 10 per cent. in the result 
is therefore to be anticipated. 

* M.N.R.A.S. 80, 1920, 578-581. + Ibid. 81, 1920, 104-126. 


t There was considerable discussion among dynamical astronomers on this point in 
the first half of the nineteenth century. It was finally cleared up by J. Couch Adams. 
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Now 14:3 (9) and (10) give 


ee Sse LO et ee (1). 

Vy + N. Ny 
When N/N, tends to zero, this tends to n/n, = 13-3. This is obvious without 
analysis, for it corresponds to the case where all friction is in the solar 
tides; and then dn/dt is zero, and dn,/dt insignificant. Thus the whole of 
the secular accelerations arise from errors in the time introduced by 
variations in the rate of rotation, and are therefore in the ratio of the 
mean motions. Then to a secular acceleration of the moon of 9”-0/(century)? 
corresponds one of the sun of 0”-7/(century)?. 

When W/N, tends to infinity, so that all the friction is in the lunar 


tides, v/v, tends to — == = 5-0. This gives 


1 
= 1"-8/(century)?, 
which must be the maximum value possible of the solar secular acceleration. 
With NV /N, equal to 5-1, we get 
v/vy = 6-3, vy = 1”-44/(century)?. 
With N/N, equal to 3-4, we have 
viv, = 7-2, v, = 1”-26/(century). 


We notice that the largest possible value of the solar secular acceleration 
is somewhat less than the lowest permitted by Fotheringham’s investiga- 
tions. This suggests that either an unknown cause is producing a secular 
acceleration of the sun, or that part of the observed value is error*. 

We have from 14:3 (9) 


M+m ewal) 
Mais IG 3)+Kk WS me  SaeaN eee (2), 
dE N, Q—n,) 
14. a eg 1 
and from 14:2 (6) at = N(Q— mle Qaonf oo. (3) 
Taking v = 9"-0/(century)? = 4-5 x 10-24/sec.?, 
LV [Neen ds 
N vi 
we have Wa —tr- = 290 Lae Bue ee eeccceee (4), 
+35 
1H 
— — = 15x 10 ergs persecond —s_ gn cesses (5). 


* Increase of mass of the sun is not a possible explanation. Cf. M.N.R.A.S. 84, 1924, 
533-534. 
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With the same value of v, but 


N/Ny = 3"4, 
N 
we find am LSS SLO aotcee En ee eR (6), 
_ 3 = 1:39 x 10 ergs per second ......... (7). 


14-4. Tidal Friction in the Sea: Quantitative Estimates. Let us now 
consider where the dissipation of energy takes place. In the open ocean 
the two components of horizontal velocity u and v, except near the bottom, 
satisfy differential equations of the form 


where x and y are elements of are in two perpendicular horizontal directions, 
¢ is the elevation of the sea-level above its mean position and ¢ the height 
of the equilibrium tide. Also 

OOS On OY le Me Sern eee (3). 
We shall expect that in the absence of close resonance £ and é will be of 
the same order. Thus wu and v will be of order gf /wA, where A is the radius 
of the earth. Now gf is equal to the tidal disturbing potential, and there- 


fore, by 14-21 (6), its maximum value is pes 
wu and v are of order 1 cm./sec. The frictional force is kp (u2 + v2), directed 
against the resultant velocity, and therefore the rate of dissipation of 
energy is kp (u? + v?)? per unit area, where k = 0-002 and p is the density 
of water. Thus the dissipation per square centimetre is of order 0-004 erg/sec. 
The area of the whole ocean being about 3-67 x 1018 cm.2, the dissipation 
as a whole must be of the order of 10% ergs/sec., which is a small fraction 
of that seen to be required to account for the secular accelerations. Thus 
the chief part of the tidal dissipation cannot arise from friction in the 
open ocean. 

The validity of the above estimate depends on whether the Osborne 
Reynolds criterion for turbulent motion is satisfied. If the motion were 
purely viscous, the kinematic viscosity being v, and if the influence of the 
boundary were considerable up to a distance h from it, the criterion for purely 
viscous motion is that wh/v shall be less than about 300*. For semidiurnal 
motions in a viscous medium} he 


making ¢ 26 cm. Thus 


= v/w, 
so that uh|v == ul(vw)* 
= 800. 
Thus the criterion for viscous motion is not satisfied, and the motion-is 
turbulent. 
* Cf. Phil. Mag. 49, 1925, 793-807. + Lamb, Hydrodynamics, 1924, 586. 
JE 3 y/ 
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14-41. It was, however, assumed explicitly in the last section that the 
conditions are such that ¢ is not great compared with ¢. If the form of 
the bottom is such that the tides are highly magnified by resonance or by 
the shallow water effect, the argument will not hold. Such circumstances 
cannot exist in the ocean as a whole, but they may well hold locally. Indeed 
places where tidal currents have velocities very much greater than the 
1 cm./sec. inferred for the open ocean in the last section are known to 
everybody. In such places the dissipation per unit area must much exceed 
that in the open ocean, especially since the rate of dissipation per unit 
area is proportional to the cube of the velocity. The question is, whether 
the increase in the rate of dissipation per unit area is enough to com- 
pensate for the limited area of the regions concerned and make the total 
dissipation in them exceed that in the open ocean. 

The question was answered in the affirmative by G. I. Taylor*, who 
determined the rate of dissipation of energy in the tides in the Irish Sea 
in two independent ways. One method is the natural one of estimating 
the velocities all over the area considered, and hence inferring the dissipa- 
tion per unit area. On integrating this over the whole region we find the 
total dissipation. 

The alternative method is to find the rate of performance of work on 
the sea by the ocean and the moon together. This is found to be, on the 
average, positive. The energy in the sea is, however, not increasing steadily, 
and therefore the energy supplied from outside must be dissipated as fast 
as it is received. Thus the rate of dissipation can be found. If we consider 
a straight line across the sea as the boundary, and take the axis of y along 
this line, the velocity across it is w. Let D be the depth of the water at any 
point. The pressure at any depth z below the mean position of the surface 
is gp (2 + ), since the depth below the actual free surface is z + ¢. Thus 
the entering water does work at a rate gp (z + ¢) w per unit area of the 
section. Integrating this with regard to z from z = — ¢ toz = D, supposing 
u independent of z, we see that the rate of performance of work by the water 
entering vertically below an element of the boundary of unit length is 


[9 (2+ C)udz=top(D+C)?e ——eseeeen (1). 


In addition the entering water brings in its own energy. Taking the mean 
sea-level as the zero of potential, we see that the mean potential within 
a column of unit cross section extending to height ¢ and depth D is 
— 39 (D— ¢). The mass of such a column is p (D+ ¢). The potential 
energy is therefore — $gp (D? — ¢?). Now the horizontal cross section of 
the column of water that crosses in unit time unit length of the boundary 
is u. Thus the potential energy of the entering water enters at a rate 
7p. (DP eri?) Rote) ag eee (2) 
per unit length of the boundary. 
* Phil. Trans. A 220, 1919, 1-33. 
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The kinetic energy of the entering water evidently contributes energy 
to the sea at a rate 
SPL Out yas fl (3) 
per unit length. 
Combining these three sources of energy, we find for the whole rate 
of inflow of energy 


geu (DE + 0)+49(D+ Cou(wtv)  .. (4) 
per unit length of the boundary. 
Now in general £ is small compared with D. Also wu and v are in general 


ot the order of c{/D, where c is the velocity of a tidal wave in water of 
depth D. But 
c? = gD, 


so that D (u* + v?) is of order gf?. Thus much the largest part of the 
entering energy is contributed by the term gpuD¢. On integration along 
the boundary the whole rate of transfer of energy across the boundary 


is seen to be 
\OpIOu CA pee ag) eae ee (5) 


taken along the boundary from end to end. If this again is integrated 
with regard to the time through a whole period of the motion, we shall 
obtain the total inflow of energy across the boundary during a period; 
and if these results are added for all the boundaries of the sea, the total 
rate of inflow of energy into the sea may be found. 

We require in addition the work done by the moon. The disturbing 
potential due to the moon being U, the work done by the moon when an 
element of the ocean surface of area dS is raised through a height dé is 
po bunang Penge ae Cia ae Peete (6), 


so that ¢ is the height of the equilibrium tide, we see that the work done 
by the moon on the sea in a period is 


| | get - WLUS onal, wal) Meulctowcess rats (7), 


where the integral with regard to ¢ is to be taken over a period, and that 
with regard to S over the whole area of the sea. This added to the result 
of the integration of (5) through a period gives the whole supply of energy 
to the sea; and this energy must be equal to the dissipation of energy in 
the sea during a period. 


14-441. Taylor found the rate of dissipation of energy in the Irish Sea 
by these two methods. He found that energy enters through St George’s 
Channel and the North Channel at a mean rate of 6-4 x 1017 ergs per 
second. The rate of performance of work on the sea by the moon is, 
on an average, about — 4:3 x 10% ergs per second. The total, about 
6 x 10!’ ergs per second, is absorbed by tidal dissipation. The alternative 
method, in which the dissipation all over the area is estimated simply 


L7=2) 
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from the velocity distribution, gave 5-2 x 1017 ergs per second, agreeing 
with the other within the limits of error of the determinations of velocity 
used. 

The dissipation in the Irish Sea alone is therefore about sixty times 
what was found for the open ocean as a whole. The conjecture that the 
greater velocity of the currents may more than make up for the smaller 
area therefore proves to be correct. The rate of dissipation is indeed 1/20 
of that required to account for the whole of the secular acceleration of 
the moon, and it was therefore suggested by Taylor that the dissipation 
of energy in the whole of the shallow seas of the earth may be enough to 
explain the whole of the secular acceleration. 


14-4142. It may be noticed, however, that the above estimate for the 
Irish Sea refers definitely to spring tides, when the tidal currents are at 
a maximum. To find the mean dissipation throughout the lunar month 
a correcting factor must therefore be applied. Let us then proceed to 
estimate this.factor. Let 0 be the phase of the lunar tide, and 7@ that of 
the solar tide. Put r= 1— 8, so that sis J,. Let A be the amplitude of 
the lunar current and Av that of the solar current. Then the total current is 


ree ia ; 2\4 alae _;__vsinsé_ 
A {cos 8 + v cos (1 — s) 6} A (1+ 2vcos 8 + v*)b cos (4 are ere 


which is now expressed as a simple harmonic motion with a slowly varying 
amplitude and period. The amplitude at springs is A (1 + v). The rate of 
dissipation is proportional to the cube of the current, and therefore that 
over a lunar day is proportional to the cube of the amplitude during that 
day. Thus the ratio of the mean dissipation to the dissipation at springs 
is the average of 

(1 + 2v cos sO + v?)#/(1 + v)8. 


If v be neglected, the numerator of this is 1 + 22+ v4. Assuming 
that the velocities vary in proportion to the vertical ranges, we have 


l+yp 
reperirs chs 
vy = 0-39, 

1+ fv?+ 2 v4 
eee = 0:5 1° 


Thus the correcting factor is about 0-5, and the number of Irish Seas 


required to account for the secular acceleration of the moon is between 
40 and 50. 


14-413. Taylor's methods have been extended by the present writer* 


* Phil. Trans. A 221, 1920, 239-264. 
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to include most of the shallow seas of the globe. The results are as follows. 
All refer to spring tides. The unit is 1018 ergs per second. 


European waters: Asiatic waters: North American waters.: 
Trish Sea 0-6 South China Sea Small Hudson Strait 0-2 
English Channel 1-1 Yellow Sea 1-1 Hudson Bay Small 
North Sea 0:7 Sea of Okhotsk 0:4. Fox Strait 1-4 

Bering Sea 15-0 Bay of Fundy 0-4 


Malacca Strait 1-1 

The other seas of the globe appear unlikely to contribute much to the 
dissipation. In Europe, the Mediterranean, Baltic, and White Sea are so 
narrow at their entrances that little tide can enter, and consequently the 
tidal currents within them are unable to contribute much to the dissipation. 
The Bay of Biscay is too deep to magnify the currents much. In Asia, 
the South China Sea contributes little because the tide in it is almost 
wholly diurnal; the disturbing potential that produces, the diurnal tide 
arises from the inclination of the moon’s orbit to the equator, and 
dissipation in it contributes nothing to the secular acceleration. Australian 
waters contribute little, for similar reasons; while the Gulf of Mexico 
resembles the Mediterranean. 

In the case of the Yellow Sea and Malacca Strait it has been possible 
to apply both of Taylor’s methods of calculating the dissipation, and 
concordant results have been obtained. In the Bay of Fundy the currents 
vary so much from point to point that only the method based on the 
inflow of energy is useful. In the others it has been necessary to rely wholly 
on the estimates based on the velocity. The results, especially those for 
the Bering Sea, the most important region of all, are therefore subject to 
revision as more accurate knowledge of the tides and tidal streams becomes 
available. 

The total dissipation is found to be 22 x 1018 ergs per second at spring 
tides. Applying the correcting factor 0-51 to obtain the average dissipation, 
we find 1-1 x 10! ergs per second, 80 per cent. of what is required to 
account for the whole of the secular acceleration of the moon. It would 
by itself give a secular acceleration of 7” per century per century. 


14-414. The agreement between the dissipation in shallow seas and 
that necessary to account for the lunar secular acceleration is much closer 
than the data would entitle us to expect. Two-thirds of that found takes 
piace in the Bering Sea; this determination may be in error by half its 
amount if the estimates of the currents there are systematically wrong by 
25 per cent., a possible contingency. What we are entitled to assert, how- 
ever, on the evidence before us, is that the dissipation is certainly enough 
to account for a large fraction of the secular acceleration, and that there 
is nothing to prove that it is incapable of accounting for the whole of it*. 


* A discussion based on substantially the same data, and giving comparable results, 
is given by W. Heiskanen in Ann. Acad. Scient. Fennicae, 18 A, 1921, 1-84. See also W. D. 
Lambert, Bull. 11, Section d Oceanographie du Conseil International de Recherches, 1928. 
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In particular, any portion of the secular acceleration can be attributed to 
bodily tidal friction only as a result of independent proof that bodily 
friction must produce such an amount; there is no insufficiency in the 
theory of tidal friction in shallow seas that can justify such a course*. 

It is uncertain whether the dissipation in any other coastal regions is 
notable in comparison with those already considered. The only partially 
enclosed seas not treated so far are some of those in the North-West 
Passage. There is an extensive shallow region off the coast of Patagonia, 
but it is in no way enclosed, being perfectly open to the Atlantic. Thus it 
is difficult to make any reliable inference about the currents in it. Many 
records of tidal currents along the coast are given in the Admiralty Pvlots, 
but all of them seem to refer to currents up rivers or near their mouths, 
or to currents over bars and shoals; in either case the general currents 
must be magnified. There seem to be no data about currents more than 
a few miles out to sea. 

The dissipation over local shallows like shoals and bars, and in narrow 
bays and straits, has been systematically ignored in this discussion, except 
where it has been automatically taken into account in the determination 
of the excess of the entering over the issuing energy. The chief reason is 
the utter impossibility of finding it from our present data. It can be 
proved that variations of depth across a channel do not affect the longi- 
tudinal currents much, so that shallows long compared with their width 
will not affect the result; but roughly circular shoals, and shallow regions 
extending right across a channel, may contribute an appreciable amount. 
The agreement found in the cases of the Irish Sea, the Yellow Sea, and 
the Strait of Malacca between the results of the two methods of computing 
the dissipation shows that at any rate the shoals do not contribute an 
amount comparable with that in the regions as a whole; for one method 
systematically includes the effect of shoals, and the other systematically 
omits it. 

The fjords of the west coasts of Norway, Greenland, and North and 
South America, and the Scottish sea lochs, are innumerable. They are, how- 
ever, mostly very deep, and strong tidal currents are therefore not to be 
expected over much of their area. Strong currents do, however, occur 
locally in them. No attempt has yet been made to compute the dissipation 
in these regions, but it is probably small. 

Along the open shore, again, there must be some dissipation; the strong 
currents usually do not extend more than a few miles out to sea, but they 
exist along a very long stretch of coast, and the aggregate dissipation in 
them may be appreciable. 


14-42. Bodily Tidal Friction. Let us proceed now to consider the 
possible effects of bodily imperfection of elasticity. We saw in Chapter XI 


* Tidal friction in shallow water due to resistance proportional to the square of the 
velocity was discussed provisionally by Dr W. D. Macmillan, Carnegie Publication 107, 1909. 
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that imperfection of elasticity in a solid may be manifested in two ways, 
either by a slowness of elastic recovery after strain, called elastic after- 
working, or by steady deformation under stress, called plasticity. It was 
seen to be possible for plasticity to appear only when the stress exceeded a 
certain value, which was called the ‘strength’; but it was realized that the 
strength might be zero. It is possible for elastic afterworking and plasticity 
to be present in the same substance. 

No attempt was made to state quantitative laws of these properties, 
and it appears probable that in actual substances the laws are very 
complex. In the case of bodily tides in the earth, however, we can make 
some progress. The amplitude of the bodily tide is, like that of the ocean 
tide, of the order of a metre. Thus each part of the earth is stretched during 
the lunar day by amounts comparable with 10-7 of its linear dimensions. 
It is incredible that if any terms in the friction depend on second and 
higher powers of the displacements, they can be appreciable when the 
displacements are as small as this. On the other hand, in solid friction and 
some forms of plasticity, imperfection of elasticity arises only when the 
stresses exceed a certain amount, and the frictional stress above this point 
remains constant. But we can hardly suppose the set-point to correspond 
to an extension comparable with 10-’, and if it is larger the substance 
will be perfectly elastic for the small stresses involved in bodily tides. 


14-421. If then any imperfection of elasticity is present, we must 
expect it to depend on the first power of the displacements and their 
rates of change. It is easy to obtain two plausible forms of imperfection 
of elasticity that show the characteristic features of plasticity and elastic 
afterworking respectively. We have seen that if P represents a tangential 
stress, and # the corresponding distortional strain, the relation between 
them in a perfectly elastic solid is 


Peete t 2 ee in D sree (1), 


where yw is the coefficient of rigidity. Now it may happen that the dis- 
tortion is changing, and if so, the stress is not only maintaining the 
distortion at its temporary value, but also is producing new distortion. 
There may be a further resistance to the latter process; it vanishes with 
the rate of distortion, by definition, and, since it must be linear in the 
distortion and its rates of change, must therefore be proportional to the 
rate of increase of distortion. Thus we must have 


dH 
P=y(H+to7) eee cresee (2), 


where t, is a constant with the dimensions of a time. We see that if the 
stress is removed the strains diminish exponentially to zero, falling to 
e— of their original values in time t,. If the system is in a state of steady 


strain, we shall have 
P= pl 
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as before; thus for motions periodic in times long compared with t, the 
substance will behave as if perfectly elastic. For motions with periods 


short compared with t,, on the other hand, the term in t, es will much 


exceed that in H. If then p is finite, any finite value of # would make 
the right side of (2) greater than the left. H must therefore be zero. Thus 
when the motions have short periods, and p is finite, the substance behaves 
as if perfectly rigid. Thus this type of imperfection of elasticity implies 
not weakness, but additional stiffness. For this reason it will be referred to 
as ‘firmoviscosity.’ It is evidently a particular case of elastic afterworking. 

On the other hand, if jut, is finite but p zero, the relation takes the form 

dE 
P= re 

which is the characteristic form of the stress-strain relation in a viscous 
fluid. If finally pt, is also zero, P is necessarily zero, and we have a perfect 


fluid. 


14-422. On the other hand, it is possible that the imperfection of 
elasticity may be of plastic type; that is, if the stress is kept constant, the 
strain will increase steadily. Then # will contain two parts. The first, P/p, 
arises from simple elastic strain. The second must be supposed to increase 
at a rate proportional to P. Thus we must have 


uE =P +~|Pdt Breet. (1), 
1 


where t, is a constant with the dimensions of a time. In this case a sudden 
stress gives an immediate strain P/y as in a perfectly elastic solid, but 
the strain then proceeds to increase at a uniform rate P/yt, so long as 
the stress is kept constant. When the stress is removed, the solid does 
not return to its original configuration, however long it may be left; it 
loses the purely elastic strain P/u and retains a permanent set measured 
by PT'/pt,, where T is the time of application of the stress. 

This type of imperfection of elasticity is called ‘elasticoviscosity.’ The 
behaviour of elasticoviscous solids under periodic stress is fundamentally 
different from that of firmoviscous ones. If the period is long compared 
with t,, the second term in (1) will much exceed the first, and the stress- 
strain relation may be rewritten 

dE 
ft, veo 1S 
which is the form appropriate to a viscous liquid. Thus the elasticoviscous 
solid approximates to a viscous liquid for any long period forces, whatever 
its rigidity may be. The firmoviscous solid never approximates to a liquid 
when the rigidity is finite, and behaves as if perfectly elastic for long-period 
stresses. 
If, on the other hand, the period is short compared with t,, the second 
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term in (1) is small, and the elasticoviscous solid behaves as if perfectly 
elastic. In the corresponding case a firmoviscous solid behaves as if 
perfectly rigid. 


14-423. It is possible to combine both types of imperfection of elas- 
ticity in one substance. For, if we have 


dE 1 
p(B thea )=P+; | Pat ein (1), 


the substance will follow the firmoviscous law if t, is infinite, and the 
elasticoviscous one if ¢, is zero. Such a substance will flow indefinitely 
with long-continued stresses, but the partial recovery on release will be 
gradual, whereas in a purely elasticoviscous substance it is instantaneous. 
Under quickly changing stresses the material will behave as if perfectly 
rigid, like a firmoviscous substance. 

We see that if any problem of elastic strain has been solved for a 
perfectly elastic solid, the behaviour of an imperfectly elastic one, so long 
as squares of the displacements can be neglected, can be inferred by 


simply writing : 
/ 1 
p(d 1 )/( ES vaya) 80° By atone (2). 


In particular, the behaviour of a firmoviscous solid can be found by re- 


placing » by uw (1 + t ah and that of an elasticoviscous one by replacing 


pe by pw 4 (a ae oar: A body nearly perfectly elastic has t, large and 
1 


t, small, and (2) is nearly 


d 1 
BING ren, eoseccces (3). 


The elasticoviscous law was formulated by J. Clerk Maxwell*, while the 
firmoviscous one} was suggested to me privately by Sir J. Larmor. 


14-424. It may be said at once that there is little positive evidence 
for any type of viscosity within the earth. The rocky shell behaves as if 
perfectly elastic, and the central core as a perfect liquid, for most of the 
known phenomena involving stresses less than 10’? dynes/cm.? or so. 

The damping of the surface waves of earthquakes as they advance 
suggests some kind of imperfection of elasticity in the upper layers, but 
part of the damping may be due to scattering. The observed amplitudes 
of the bodily distortional waves indicate little absorption in transit even 
when they have almost grazed the central core. If a wave type is given 
by exp c (pt — xx), where p is real, x is given by 

(HN nO Date ee aah WIN Peers (1), 
where «@ is 1 for bodily distortional waves and does not differ much from 
it for surface waves. If then imperfection of elasticity changes pu to 

* Phil. Mag. 35, 1868, 134. + M.N.R.A.S. 77, 1917, 449-456. 
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pw (1 + wb), where 6 is small, its effect on « is to multiply it by 1 — ju, 
and the damping factor for increasing distance is exp (— 4b«x). But also, 
by 14-423 (3), 


1 
= sie AA EMG, Lhe ee 2), 
ub = tyup ae (2) 
l 
= ee ees i be 3 
that is b = pt, + ne (3), 


so that the damping factor is 
exp (— dx«pt, — 4 «) a eee 4). 
p( 2KDig 2 phy (4) 


Assuming that the period is 10s., and the velocity 4 km./sec., and that 
the amplitude is reduced in the ratio e : 1 as the wave advances 6000 km., 
we find that the data would be satisfied if either 


t=) (00 sec,, = O3 OF ty =.0-004 R66. tp OO ee asee es (5). 


14-425. The transmission of compressional waves through the central 
core without appreciable loss can be shown* to indicate that its kinematic 
viscosity is under about 2 x 10° cm.?/sec. 


14-426. The free variation of latitude has been shown by Pollak to 
have persisted for about 30 years without any marked systematic change. 
The period of this motion is given by 13-13 (22), which may be written 


where k is Love’s number and A a known constant. With sufficient accuracy 
we can suppose that k is inversely proportional to the rigidity of the shell; 
this amounts to supposing the elastic straining of the earth to be deter- 
mined to a first approximation by rigidity and not by gravity. When 
viscosity is neglected 1 — 7,/7 is real and about +. Allowing for viscosity 
and introducing a 0 as in the last paragraph, we get 


“ 
TOs (eee 

oe ( vb) 

while 27/7 = p, if we temporarily use the day as the unit of time and 


suppose the displacements proportional to exp cpt. Thus 


pT 
= = 34 4ub eee ecees (3); 


al 


and viscosity multiplies p by 1 + 4.5. The damping factor is 


it 
exp (—3bpt) or exp — its + ptt) “Rare (4). 
1 


Since the motion has lasted for 30 years we can reasonably suppose that 
t, is at least 10 years or 3 x 10° sec. Comparing this with 14-424 (5) we 
see that the absorption of seismic waves can be attributed only to elastic 


* M.N.R.A.S. Geoph. Suppl. 1, 1926, 416. 
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afterworking and not to plasticity. On the other hand if we take 
t, = 0-004 sec, it follows that for this motion in 30 years 

Mth wid TOM (5), 
and the effect of elastic afterworking on the variation of latitude is in- 
significant. 

The maximum possible viscosity of the core can also be shown to 
imply a damping factor of the order of exp (— t/1-6 x 10" days), which is 
again insignificant. 

The persistence of the variation of latitude and the absorption of 
seismic waves therefore imply together that in the rocky shell 


t>3 x 10% sec.; = 0-004 sec, = vecevenee (6) 


approximately. If the former is combined with a mean rigidity of 
1-7 x 10" dynes/cm.? for the shell, it implies a viscosity over 5 x 10” ¢.g.s. 


14-427. Now in the bodily tide we have a motion whose amplitude is 

practically proportional to 1/y~, and therefore to 1 — + @ + =) where 
nt, 

27/p is now half a lunar day. Thus the bodily tide should show a lag in 

phase equal to 


1 
Dpto + DL we ere (1), 


the first term in which is 6 x 10-7, and the second under 2 x 10-5. The 
sum is the 2e of 14-21. Substituting in 14-21 (10) and remembering that 
Hf is now 0-6 times the height of the equilibrium tide, we find 

ae Sie IDS Cae Fre oD > O. boats ai (2). 
This is an insignificant fraction of the effect of tidal friction in shallow 
seas; bodily tidal friction is therefore of negligible importance at present. 


14-5. Tidal Friction in the Past. If we adopt the results of 14:32, we 
have dQ N+N, 
ea Hs 
= — 25 x 10-*2/sec.? 
The present value of © is 7-3 x 10-*/sec. Thus Q changes by 10-% of its 
amount in 3 x 10 sec., or 16° years. The day has therefore probably 
lengthened by a second in the last 120,000 years. Thus tidal friction, 
historically speaking, is a slow process. On the other hand, if we consider 
the change since the oldest known rocks were formed, and suppose tidal 
friction to have operated ever since at its present rate, we find that the 
period of rotation 1-6 x 10° years ago must have been only about 0-84 
of our present day. The ellipticity of the earth’s surface corresponding 
to such a rate of rotation is about 34,. 
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14-51. If we attempt to take the extrapolation further back still, we 
must have recourse to equations 14-2 (3), (4), and (5). The couple NV has 
been seen to be proportional to (m/c*) H sin 2e, and if we suppose « to 
remain constant and H to be proportional to (m/c?), as is not unreasonable, 
N will be proportional to c-* or €-1%. It therefore increases very rapidly 
as the moon’s distance from the earth diminishes. We shall denote its 
present value by N,. The solar tidal friction is at present a small fraction 
of the lunar, and cannot have changed much, since the sun’s distance 
has hardly varied. Thus it must have been unimportant in the past in 
comparison with lunar tidal friction. Hence we can omit equation 14-2 (4) 
and drop JN, in 14-2 (5). Then 


M d 
U — Coals = sal Ste) me ee eee (1); 
dQ 

er = ger te a ee cee (2). 

If we introduce « as in 14-3 (6), (1) becomes 
02, == Neo tt eee (3), 

Not 

2 BIG 0 

whence zs (1 — 18) Og et a (4). 


Substituting our adopted values of N,/C, «, and Q, we find for the time 
when € was 0-8, and therefore the distance of the moon 240,000 km., 


b= = 4% LO? years... as decnes (5). 


The time taken by the moon to recede from its closest approach to the 
earth to 240,000 km. from it would not exceed 1/20 of this. Thus the theory 
of tidal friction suggests an age of the moon of the order of 4 x 10° years. 
This is about three times the age of the oldest rocks found from radio- 
activity, but evidently cannot be used to do more than suggest the order 
of magnitude of the age of the moon. 

Equations (2) and (3) together give 


d 

di (RES OD) 0) eee (6). 
This is a form of the equation of angular momentum of the system. 
Evidently if Q was once 4Q,, «€ must have been 4:82 + 1 — be 4-49, 


Q 

making € equal to 0-93, the distance of the moon only about 27.000 km. 
less than at present, and the length of the month 22 of our present days. 
Thus the distance and period of the moon have, on the hypothesis of 
uniformity, not changed by large fractions of themselves during geological 
time. 

If ¢ is the elevation of the ocean tide the potential energy per unit 
area is gpl, p being here the density of water; the average of this over a 
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period is }gpH* sin’ 4. The average kinetic energy will be of the same order. 
The total energy of the tide is then 


hgpH?. 20 A? | é sin’ 0d0 =~" gp HA? 
= 4x 10? ergs. 

Comparing this with 14-32 (7) we see that all the energy of the tide at 
any moment is dissipated in the next 3 x 104 seconds—say half a day. The 
dissipation is therefore so heavy that friction must have a controlling 
influence on the tides comparable with that of inertia. The phase lag, also, 
must be a moderate angle. In the past, when the moon was nearer and 
the tides higher, the energy would tend to increase like the square, and 
the rate of dissipation like the cube, of the height of the tide. But energy 
cannot be dissipated faster than it is supplied, and the phase lag, with 
the most severe dissipation, could hardly exceed 45°. It seems reasonable 
to suppose that « in the past was greater than now, but of the same order 
of magnitude. The estimate in (5) is then capable of some reduction. 


14:52. The Future of the Earth-Moon System. We saw in 14-1 that a 
necessary condition for the existence of tidal friction is that the earth’s 
surface shall revolve in such a way that the moon’s apparent altitude, as 
seen from each point of the earth’s surface, is continually varying. If the 
earth always kept the same face turned towards the moon, the tides would 
settle down exactly under the moon and opposite to it, and would produce 
no tidal frictional couple. Thus N vanishes with Q — n. In no other cir- 
cumstances can N vanish. In the primitive state of the system the length 
of the month was probably slightly greater than that of the day, and 
therefore tidal friction made the moon recede; the moon will continue 
to recede until (2— mn vanishes, when tidal friction will vanish again. 
Now when this happens © will be equal to n, and therefore to n,é-3. By 


14-51 (6), KE + Z must still have its present value 5-82. Hence 
pes | 


KE eta 582th ee eee (1). 


met) 
The smaller root of this equation is € = 1/5-1, corresponding to the primitive 
state of the system; the larger is € = 1-20. The former makes the common 
period of rotation and revolution 4-8 hours; the latter makes it 47 days. 
Since 1-212 — | = 10 nearly, the time needed to approach this latter state 
will be of order 5 x 101° years. 

The matter will not be closed when this state is reached, however. The 
solar tides will continue to operate on the earth and lengthen its period 
of rotation. Thus the period of rotation of the earth will come to be 
longer than the period of revolution of the moon. A reference to 14-1 
will show that when this happens the further course of the evolution is 
considerably altered. A fixed point P on the earth’s surface will move 
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round more slowly than the point where the moon is in the zenith, and 
therefore the high tides, while still occurring after the moon has passed 
the zenith or nadir, will be on the opposite sides of AB from C and D. 
(See Fig. 16.) Thus their effect on the moon will be to retard its revolution 
and make it return to the earth, and the earth’s rotation will at the same 
time be accelerated. Thus the moon will gradually return towards the 
‘earth, the earth’s rotation meanwhile being retarded by the solar tides and 
accelerated by the lunar ones. This process will continue till the moon is at 
last dragged down to within a distance of the earth so short that it will be 
broken up by the action of the tides raised in it by the earth*; it will then 
ultimately form a system like Saturn’s ring, but much more massive. 


14-6. The History of the Moon’s Rotation. Let us now return to equa- 
tion 14-21 (10). The height of the equilibrium tide is U/g, and its amplitude 
is therefore ee or oe If then the tide has approximately its 

4 cg? 4 Mc" 


equilibrium height, we shall have 
OTN ae Ls ; m\* (A$ 
— = Ga % wesin 2 (F7) (=) weevereve Ory: 


We shall have recourse to this expression again in considering the tides 


in the planets. 
If w denotes the moon’s angular velocity of rotation and a its radius, it 


appears from (1) that 
da/dt M* (ar® 
ee O\(s) (5) er (2), 


provided elasticity is not so great as to affect the order of magnitude of 
the height of the tide, that the densities are of the same order, and the 
phase lags of the tides also. With 


M/m= 81, a/A = 3, 


dw/dt 
we have dQJat 


The hypothesis that the elasticity of the moon may be neglected is valid 
so long as the moon was largely fluid. The densities are actually of the same 
order, and the phase lags will be comparable if the departures of the angular 
velocities of rotation from that of revolution are comparable. Thus if 
initially the earth and moon rotated at the same rate, this being somewhat 
different from the mean motion of the system, the rotation of the moon 
would approach the mean motion 17,000 times as fast as that of the 
earth would. The moon would thus be brought to present the same face 
always towards the earth before the rotation of the earth had been appre- 
ciably affected by tidal friction. 


= 17,000. 


* Cf. Darwin, The Tides, 1911, 338-345. The critical distance of about twice the radius 
of the earth is known as Roche’s limit. 4 
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The moon would be unable to retain any atmosphere or water vapour, 
on account of its low gravitative power. The absence of the blanketing 
effect of the atmosphere would enable it to solidify somewhat earlier than 
the earth. Henceforth any tidal friction in the moon must have arisen 
from imperfection of elasticity, for there can have been no seas upon it. 
The thermal history of the moon has probably been very similar to that 
of the earth, and we should therefore expect the departure of its interior 
from perfect elasticity to be quantitatively comparable with that of the 
earth. Again, the elastic tide in the moon must be much smaller than the 
hydrostatic equilibrium tide so far considered, having about zy Of the 
amplitude. On both grounds the value of dw/dQ after the solidification 
of the moon must have become very much smaller; it may well, however, 
still be as great as 100 for equal lags. 

This therefore supplies us with the required explanation of the fact 
that the moon always keeps the same face towards the earth. The tides 
raised in the moon by the earth produced such friction that they made 
the moon’s periods of rotation and revolution equal at a very early stage 
in its history. It is possible that ever since then, if the recession of the 
moon from the earth, or any internal change in the moon, made either of 
these periods vary, bodily tidal friction in the solid moon would com- 
mence afresh and restore the equality. 


14-61. We have, however, seen that there is no reason to suppose bodily 
tidal friction in the earth to be perceptible, and accordingly there is no 
great prior probability for a hypothesis that requires it to be continually 
available in the moon to adjust the moon’s rotation to any changes that 
may have occurred. Let us consider, then, what would happen if the 
moon was actually free from internal friction. Take an axis OA in the 
ecliptic, fixed in direction. Let the longest axis of the moon, which points 
nearly to the earth, make an angle ¢ with OA, and let the line joining the 
centres of the earth and moon make an angle 0 with OA. Neglect the 
inclination of the moon’s orbit and equator to the ecliptic. Put 


Pees ceria” Vel). siete ie (1), 


so that % is small. Now ¢ is a Lagrangian coordinate of position of the 
moon. If A, 6, and C be the permanent parts of the principal moments of 
inertia of the moon about its centre, the rate of change of angular 
momentum of the moon about an axis through its centre perpendicular 
to the ecliptic is Cg. 

The couple in the plane of the ecliptic due to the earth’s attraction on 
3fM (B— A) 

C3 

where JV is the mass of the earth and c its mean distance. In addition there 


the moon’s permanent ellipticity of figure is cos % sin &, 
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may be a couple due to internal tidal friction. Let us, however, examine 
the consequences if this is absent. The equation of motion is 


0} -— — FEE) cosy siny saree (2); 
or, if we use (1) and neglect #?, 
i+ 3ne2T Aya —8 ai aaee (3). 


But @ is the rate of increase of the moon’s longitude, and is therefore 
equal to n. Thus 

peel 

dé 


aes 2 
which is very small. 6 is of order 2 (=) . A sufficient approximation to 


a solution of (3) is therefore to be got by supposing that % also varies 
very slowly, so that % can be neglected. Then 


C dn 
b= ee ee (5). 


Ns 2 
Evidently %/b is of order (- a) , and therefore our assumption that it 


is negligible leads to self-consistent results. Now at present 


dn _ dé 
Wi = 3N dt’ 
d€é dQ _ : 
Oe = 0 from 14-51 (6), 
1 dn 1 dQ 
and therefore 3n2 dt nnQ dt 
= — 4 10-1, 


Again, (B — A)/C is 0-00047. Thus 
% = 10-* nearly 
ro <L0e 


Thus even in the absence of any friction in the moon at present, the 
recession of the moon from the earth would produce a perfectly im- 
perceptible deviation of the moon’s longest axis from the line of centres. 

It may be pointed out that, small though this deviation is, it has an 
important dynamical effect. The moon’s longest axis pointing systematic- 
ally to one side of the earth causes the couple on the moon produced by 
the earth’s attraction on the moon’s equatorial protuberance to be on an 
average negative. It is this couple that reduces the moon’s rate of rotation 
and makes it remain equal to the rate of revolution. 
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14-62. It may be thought, however, that even though the moon’s 
permanent ellipticity keeps the particular integral of 14:61 (3) small, the 
complementary functions may increase considerably ; in other words, the 
amplitude of the moon’s free libration in longitude may become great. 


This, however, is not the case. The period of the free libration is seen from (3) 


2 
to be Fe | 5 aa or 27 months, and clearly remains for all time 


n 
proportional to the moon’s period of revolution. Thus the change in the 
period of oscillation during a complete oscillation is only a small fraction 
of the period itself. In these circumstances it is known* that a first 
approximation to the solution, valid for all time, of an equation 

2 
y oe 
dt? = xy = 0, 
where y is a function of ¢, 
t t 
is y= Axrtoos | ybdt + By! sin | a, 


where A and B are arbitrary constants. Thus the amplitude is proportional 
to the square root of the period. If it was small at the moon’s last adjust- 
ment to the hydrostatic state, which we have seen probably took place 
when the period of revolution was about 6-3 of our present days, it would 
by now have been multiplied by (27-3/6-3)2 or 2-1. It would therefore still 
be small. 

To explain the facts that the moon keeps the same face always towards 
the earth, and that its free libration in longitude is imperceptible, it is 
therefore unnecessary for tidal friction to be still operating in its interior. 
It is enough that tidal friction should have been sufficient to produce 
these conditions before, or soon after, solidification, which is highly pro- 
bable; once produced, they would be permanently maintained by the 
earth’s attraction on the moon’s equatorial protuberance. 


14-7. Tidal Friction on other Planets and Satellites. In other systems 
than our own, tidal friction may be expected to operate in four ways: 


1. Tides raised in the satellites by their primaries will tend to make 
them keep the same face towards their primaries. 


2. Tides raised in the primaries by their satellites will alter the rates 
of rotation of the primaries. 


3. Tides raised in the primaries by their satellites will alter the distances 
of the satellites from their primaries. 


4. Solar tides will affect the rates of rotation of the planets. 
These four effects may be considered separately. 


14-71. We notice that in 14-6 (1) m is the mass of the tide-raising 
body, and M and A refer to the deformed body. Thus fm/c?, when we are 
* Proc. Lond. Math. Soc. 23, 1923, 428-436. 
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considering tides raised in a satellite, is practically n?, and J//A® is pro- 
portional to the density of the satellite. With the usual assumptions as 
to uniformity of physical constitution among satellites, it follows that 
the rate of change of velocity of rotation in a satellite is proportional to 
the fourth power of its mean motion. We should therefore expect that all 
satellites whose periods are less than that of the moon would turn the 
same faces permanently towards their primaries; satellites of longer periods 
may not yet have reached this state. All satellites whose rotation periods 
are known do actually keep the same faces towards their primaries; they 
include the great satellites of Jupiter, and also Iapetus. The period of the 
latter is nearly three months. 


14-72. It can be definitely asserted that no satellite other than the 
moon has produced a considerable effect on the rotation of its primary. 
For the effect of tidal friction is to transfer angular momentum from the 
rotation of the primary to the revolution of the satellite, and if the rotation 
of any planet had been much affected in this way the angular momentum 
of the satellite’s revolution would be comparable with that of the planet’s 
rotation. This is true of no satellite except the moon; the orbital angular 
momenta of all other satellites are insignificant in comparison with the 
rotational angular momenta of their primaries. 

This fact is consistent with the tidal lags on the great planets being 
comparable with that on the earth. For if a satellite has radius a and the 


same density as its primary, 
le (4) at 
MAO ee, 


and therefore (ir) (=) = (Z)’, 


and thus the rate of change of angular velocity of rotation should be 
proportional to the product of sin 2e into the sixth power of the apparent 
diameter of the satellite as seen from its primary. No other satellite 
subtends at the centre of its primary a greater angle than the moon, 
though the moon’s apparent size is approached by Phobos and J I. It is 
therefore possible that the satellites have not affected the rotations of 
their primaries considerably, even if the primaries show as great tidal 
lags as the earth. 


14-73. The argument is readily extended to the effect of the tides 
raised by the sun. The sun subtends at Jupiter an angle of only 6’, which 
is less than that subtended by JI, whose density is very similar. The 
lags of the tides in Jupiter raised by the sun and JI cannot be very 
different. Thus the effect of solar tidal friction on Jupiter must be less 
than that of J I, which we already know to be insignificant. The effects 
on Saturn, Uranus, and Neptune must be still smaller. 
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Mars is probably more nearly comparable with the earth, and tidal 
dissipation on it may occur in shallow seas. The apparent diameter of 
the sun as seen from it is 21’, and that of Phobos, inferred from the bright- 
ness, 1s about 20’. Phobos, however, probably has a greater density than 
the sun, and thus the solar tides are probably less important to Mars 
than those raised by Phobos. They therefore can hardly have affected the 
rotation of the planet much. 

Venus and Mercury are in a different position. Supposing the tidal 
lags in these planets to be equal to that in the earth, we see that the rate 
of change of Venus’s speed of rotation must be (0-72)-®, or 7-2 times the 
effect of the sun on the earth. The corresponding ratio for Mercury is 
about 300. Venus has an atmosphere and may have shallow seas; Mercury, 
on the other hand, has none, and friction in it, if any, must be bodily. 
It appears probable, then, that if Venus were now rotating in the same 
time as the earth, its rate of angular retardation would be rather more 
than twice that of the earth on account of the sun and moon together ; 
but this rate is not nearly so fast as the former rate of angular retardation 
of the earth when the moon was nearer. If then Venus once had a short 
period of rotation, of a few hours only, it is probable that it would not 
yet have been made to rotate in so long a period as the earth; if, how- 
ever, it had a period such as the earth has now, it would have been very 
much lengthened by solar tidal friction. It is now known from spectro- 
scopic observations* that the rotation of Venus cannot be nearly so fast 
as that of the earth, so that we may infer that its original period of rotation 
was probably not very fast. 

Mercury has probably had a history similar to that of the moon. Its 
periods of rotation and revolution were made equal by solar tidal friction, 
probably before it was thoroughly solid, and this condition has been 
maintained ever since by bodily friction; the distance of this planet from 
the sun cannot have changed much, but an ellipsoidal inequality of the 
planet’s figure may have been produced in solidification in the way sug- 
gested for the moon, and have been afterwards maintained by the strength 
of the material. This may have since kept the same face of Mercury turned 
towards the sun, in the manner suggested for the moon in 14-61. 


14-74. The rate of increase of a satellite’s distance through tidal 
friction is given by 14-2 (3) 


Min 4 dé 
Ven ae INGE) Na es amas ores (1) 
a ANS 
From 14-6 (1) a= 18 mfp sin 2e @ (=) ses (2), 
and we know thatfortheearth C=4MA?  — © ooo. (3). 


For other planets the numerical coefficient is not very different. 
* Russell, Dugan, and Stewart, Astronomy, 1926, 317. 
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On eliminating NV and C we find 


if we treat (MZ + m)/M as equal to unity. 

For JI, m/MM is 1/20,000, as against 1/80 for the moon; 7 has about 
20 times its value for the moon; A/c has about 10 times its value for the 
earth and moon. Thus dé/dt has about 2 x 10+ times the value corre- 
sponding to the moon at present. If then the constitution of Jupiter 
resembled that of the earth, the mean distance of J I would be doubled 
in about 6 x 10° years. 

For Titan, again, dé/dt should be about 60 times what it is for the 
moon: and for the satellite of Neptune it should be about 2000 times as 
great. 

It appears then that unless the great planets approximate very closely 
to perfect elasticity, giving much smaller tidal lags than the average in 
our ocean, the evolution of their nearer large satellites must have been 
dominated by tidal friction. This will not be true of the more remote 
satellites, since the factor (A/c)® diminishes very rapidly as c increases. 

Phobos presents a further difficulty. It is readily seen that, on the 
same physical hypotheses, d&/di for it should be 8000 times as great as 
for the moon. This result is even more embarrassing than that for J I; 
for Phobos revolves more rapidly than Mars rotates, and therefore tidal 
friction, in accordance with the argument of 14-52, will make Phobos ap- 
proach the planet instead of receding from it. Thus Phobos would have 
been precipitated on the surface of the planet ere now if it was as old as the 
moon*, 

It is possible, however, that our estimate will have to be much reduced, 
for two reasons. Mars may have little fluid on its surface, and therefore 
no dissipation in its shallow seas. If so, tidal friction within it must be 
bodily. A reduction of dé/dt to a small fraction of the value just found 
may therefore have to be made. A further reduction will be needed on 
account of the small size of Mars. In a small planet the elastic tide is a 
small fraction of the hydrostatic tide; thus in Mars the height of the tide 
may well be reduced to 5', of its hydrostatic value by rigidity. For these 
reasons it is quite possible that the evolution of the orbit of Phobos may 
proceed no faster than that of the moon. 

We notice, however, that the arguments just used for Mars are applic- 
able with greater force to Mercury. Thus if the solar tides are supposed to 
have made the latter planet keep the same face turned to the sun, we seem 
to be driven to adopt the theory of 14-61 for Mercury as well as the moon. 

* Cf. James Nolan, Nature, 34, 1886, 287. 
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14:8. Summary. Friction, either in oceanic or in bodily tides, must 
produce a continual diminution in the rate of rotation of the earth, and 
continual increases in the mean distances of the moon and sun from the 
earth. These changes together make the moon and sun appear to have, 
relative to the stars, slow secular accelerations which can be found by 
comparison of modern observations with ancient ones of eclipses and 
occultations. The secular acceleration of the sun found in this way is a 
somewhat larger fraction of that of the moon than would theoretically 
have been expected. The rate of dissipation of energy required to explain 
these accelerations is about 1-4 x 101° ergs per second on an average. 

It is found that tidal friction in the open ocean cannot account for 
more than about a thousandth of this, but that the greater part of it can 
be explained quantitatively by tidal friction in shallow seas. There is no 
reason to believe these seas unable to account for the whole of it, and 
therefore tidal friction in the body of the earth may be inappreciable. 
It appears, indeed, that if a considerable fraction of the secular accelera: 
tions were due to elastic afterworking, earthquake waves could not be 
transmitted; and that if it were due to plasticity in a homogeneous earth, 
the 14-monthly variation of latitude could not exist. 

By extrapolation it is found that the period of the earth’s rotation 
may have changed by 4 hours or more during geological time. Tidal friction 
is capable of explaining how the moon came to recede from close proximity 
to the earth to its present distance; the time required does not appear 
likely to be prohibitive. The moon will ultimately recede till its period of 
revolution and the period of the earth’s rotation are both equal to about 
47 of our present days. When this takes place the moon will gradually 
approach the earth again, ultimately passing within Roche’s limit and 
being broken up. (It may be remarked that on the resonance theory, on 
account of the great extension of the earth at the time, the moon was 
outside Roche’s limit when it was first formed.) 

Tidal friction readily accounts for the fact that the moon always keeps 
the same face towards the earth; it is sufficient that this condition should 
have been brought about before the moon solidified, for afterwards it 
could have been maintained by purely gravitational causes. In the same 
way, Mercury has probably been made to keep the same face towards the 
sun. This result is probably applicable to all satellites whose periods are 
less than that of the moon. No planet except the earth has had its rotation 
much affected by tides raised by a satellite. It is difficult to make any 
inference about Venus, except that its rotation period has not been length- 
ened to such an extent as that of the earth. The orbits of some satellites 
may have been appreciably affected by tidal friction, notably JI and 
Phobos, but further inferences cannot be made without more knowledge 
about the physical conditions on their primaries. 


CHAPTER XV 
The Origin of the Rarth’s Surface Features 


“You couldn’t deny that, even if you tried with both hands.” 
“T don’t deny things with my hands,” Alice objected. 
“Nobody said you did,” said the Red Queen. “‘I said you couldn’t if you tried.” 
“She’s in that state of mind,” said the White Queen, “that she wants to deny 
something,—only she doesn’t know what to deny!” 
‘“‘A nasty, vicious temper,” the Red Queen remarked. 
Lewis CarRroui; Through the Looking-Glass. 


15-1. The conspicuous superficial phenomena that require physical 
explanations are the difference between continents and ocean basins, the 
formation of mountains, and the various types of igneous activity. Moun- 
tain formation being considered first, the folding and thrusting shown in 
existing ranges imply a definite shortening of the crust; this in turn implies 
a reduction of the earth’s surface and therefore of its volume. The existence 
of folded mountains implies a contraction of the earth’s interior. It is 
worth while to emphasize this at the start, smce some recent writers have 
attacked the contraction theory in general, apart from any special view 
as to the cause of the contraction. Even if the contraction theory was 
given up, it would still be necessary to find a theory to account for the 
contraction. 

Of the many causes of mountain ranges that have been proposed, only 
two have been shown adequate to account for any appreciable fraction of 
the crumpling that has occurred, and many are even qualitatively as well 
as quantitatively unsatisfactory. The most effective seem to be thermal 
contraction and changes in the rotation of the earth. 


15-2. Thermal Contraction. It has been seen in Chapter VIII that 
different parts of the interior of the earth have cooled since solidification 
by different amounts. In cooling they must have contracted in volume 
in different ratios, and in this way a state of stress must have been set - 
up in the crust. The mathematical discussion of the character of the 
deformations produced was due originally to Dr C. Davison* and to 
Sir G. H. Darwin}. Consider the earth at some instant during its cooling, 
and consider the effect of the cooling that takes place during a further 
interval. Throughout the region from the centre of the earth to within 
about 700 km. of the surface, no appreciable change of temperature takes 
place, and therefore no change of volume. Between this level and the 

* Phil. Trans. A178, 1887, 231-242. 


+ Ibid. A178, 1887, 242-249; or Sci. Papers, 4, 354-361. Thecontraction theory qualita- 
tively goes back to Newton; cf. Brewster, Memoirs of Sir Isaac Newton, 2, Appendix 4. 
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layer where cooling is most rapid, each layer cools more than the layer 
below it, and would therefore contract more if it were not obstructed by 
the matter below. The latter fixes the inner radius of this region, and 
therefore the requisite reduction in volume can be achieved only by 
reducing the outer radius. Thus the adjustment requires a thinning of 
this region without a corresponding reduction in its inner radius. Since 
this region is necessarily in the region of low strength, the matter in it 
will adjust itself to the stresses involved, and assume a hydrostatic state. 
On the other hand, the outer surface of the earth undergoes no further 
cooling and contraction, and is therefore too large to fit the contracted 
region just considered. It will therefore be under a horizontal crushing 
stress. 

Since the region below the layer of greatest cooling becomes too small 
to fit the interior, while the outer surface becomes too large, there must 
be an intermediate layer where the contraction is just enough to enable 
it to continue to fit the interior. This layer is called the ‘level of no strain.’ 

Below the level of no strain, the rocks at any time would, if they simply 
underwent a contraction in all directions in accordance with their cooling, 
be too small to fit the interior, and thus in order to fit it they are stretched 
out horizontally. Yield under horizontal extension may occur in two ways. 
If the rock is capable of flow, it merely spreads out horizontally and 
becomes thinner vertically. It may, however, fracture vertically, forming 
long fissures, which will descend to levels where flow is possible. In such 
a case, hydrostatic pressure will force the matter capable of flow up into 
the crack, and its further cooling will lead to its solidification or crystalliza- 
tion within the crack. In either case, the total volume of the matter within 
the level of no strain is the same, for the vertical crack cannot extend 
above this level, and therefore the motion of weak material into the crack 
only redistributes matter below the level of no strain without altering 
its quantity. 

Above the level of no strain the rocks have probably considerable 
strength. Hence when exposed to horizontal stress they would not flow, 
but would fracture and bend up irregularly, starting at the weakest spot. 
Thus a system of folds would be produced in the upper rocks. These, 
according to the thermal contraction theory of mountain building, are the 
initial stages of mountain ranges. 

Since there is no deformation initially, and cooling starts from the 
surface, the level of no strain must start from the surface and gradually 
descend. By the time it has reached any particular layer of material 
within the crust, that layer will be solid, and therefore will yield to 
subsequent deformation by folding. This folding will start at once, for 
the filling up of any fissures that may have been opened will have blocked 
them up with solid material; thus when compression is applied the rocks 
will not be free to move, and yield can take place only by crumpling. 
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Accordingly the crumpling of any layer required to make it continue to 
fit the interior must be calculated from the time when the level of no 
strain passed that layer. 


15-21. The Amount of Compression available. Let us now apply the 
above considerations in a quantitative discussion of the amount of 
crumpling that must have occurred on the earth, to enable the outside 
to continue to fit the interior. Consider a shell of internal radius r and 
thickness dr. Let its coefficient of linear expansion be n, where n may be 
variable, and let its initial density be p. Let the rise of temperature of 
the shell be v; this will of course be negative. Then v is a function of r 
alone. The density of the shell, if we ignore the small change due to com- 
pressibility, becomes p (1 — 3nv). Let the radius of the shell of radius r 
become 7 (1 + a). Then the external radius becomes 


rate) tar{i+ 5 (ra)| Ms es (1). 


Hence the mass of the shell after the change of temperature is 


Arr? (1 + a)2dr {1 + eS (re) pl — 3nv} = 4rpr*dr {1 + 2a + Ss (ra) — 3nv| 

slope (2), 
neglecting squares and products of a and v. But the mass is unaltered. 
Hence we have the equation of continuity 


d 
2a + es (ra) — Snv =O 7 oe eee (3). 


Since v is supposed known throughout the earth, this is a differential 
equation to determine a. 

Now if a shell simply expanded without stretching, its radius would 
increase by rnv instead of ra, so that the stretching required to make it 
continue to fit the interior is r (a — nv). Let us denote a — nv by k. Then 
substituting for a in (3) we have™ 


ip at enc 
oP (kr?) = —r ce (730) « er 9 eee (4). 
At the centre there will be simple expansion without stretching, so that 
k will vanish with r. Hence 


1 d 
k= — =| he es (ey) ar NPGS Wire eee (5) 
Let R be the radius of the earth. Then we can write 
rk = —[rnv], +/ (7 sl (6), 
0 
k rae v 1 : 3 22 1 . a f 
b= — m+ Si T7000 > ee Ca, 


since the integrated part vanishes at the lower limit. Now the change of 
temperature is appreciable only in a depth small in comparison with the 
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radius of the earth. Hence in the region where k is appreciable 7 can to 
a first approximation be put equal to R. Then 


ee eee 


R [" nvar sige aear (8). 


/0 
If we call the depth x, we have 

tae heen eee 8) a ea een (oy: 
and then, since the temperature change is practically that in a solid of 
infinite depth with a plane face, as was seen in Chapter VIII, we have 


k=—nv+ al OOK Raat NaI ee 2s (10). 
4 0) 


Now consider the changes that take place in a short interval of time df. 
If the integral stretching in a particular layer since solidification be KS 
we have 


0K OV 
k=, dt; v= a, dt Bieieicieerrete (11), 
where V is the temperature. Then (10) becomes 
0K CVS emery 
a ee ral] a CVapee Tale irince (12). 


The stretching at the surface is to be found by putting x zero in this and 
integrating with regard to the time. The level of no strain is determined 
by the fact that 0K /dt vanishes there. 


15:22. Unfortunately the experimental determination of the coeffi- 
cients of expansion of rock materials is difficult. They usually disintegrate 
when heated to some temperature near 800° C., and show an apparent ex- 
pansion due only to the formation of cavities. This change is not reversed 
on cooling. If originally vitreous they may partially crystallize, with 
contraction in volume, when heated to a temperature where molecular 
mobility is considerable. In former works of mine Fizeau’s determinations 
of the coefficients of expansion were used; according to these 

N=e+e'V,7z 

where eran ORE Cr ce = 254 10-8 / (2 -C)\2, 

giving a linear expansion of 1-9 per cent. between 0° and 1000°C. N. E. 
Wheeler* gives 2-73 per cent. for granite and 1-54 percent. for olivine dolerite. 
Day, Sosman and Hostetter, in a critical investigations, find a complicated 
behaviour at high temperatures, with volume expansions of the order of 
10 per cent. between 900° and 1250°C. But the results can give only the 
order of magnitude of the actual contraction within the earth, where the 
pressure presumably prevents the formation of cavities and much of the 
matter may be vitreous. The results of 8-4 showed that an average cooling 
of about 500° is to be expected through depths down to 400 km. This, 


* Trans. Roy. Soc. Canada, 4, 1910, 19-44. + Amer. J. Sci. 37, 1914, 1-39. 
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with a volume contraction of 5 per cent., would imply a reduction of 
20 km. in radius and therefore of 130 km. in circumference. To this should 
be added allowances for contraction in crystallization and for loss of volume 
due to extrusion of volatile constituents, especially water. The cooling 
below the oceans is probably greater than below the continents. The 
uncertainties in all the determinations, however, are such that we can only 
say that the compression of the crust is of the order of 200 km.; it may 
easily be half or twice this. The depth of the level of no strain is about 
100 km. 


15-23. Direct measurement of the folding has been carried out in 
several of the great mountain chains of the globe. Up to a few years ago 
estimates usually quoted were 40 to 50 miles in the Appalachians, 25 miles 
in the Rocky Mountains of British Columbia, 10 miles in the Coast Range 
of California, and 74 miles (118 km.) in the Alps*. The tendency of later 
work has been to discover new thrust planes and to increase all: these 
estimates. Thus Heimt+ gives 200-300 km. for the compression involved in 
the Tertiary folding of the Alps; A. Keith gives 320 km. for the Appala- 
chianst, and G. P. Mansfield mentions one thrust with a displacement of 
35 miles (56 km.) in the Rockies§. If the shortening of the crust is 200 km., 
the reduction in the area of the earth’s surface is 5 x 1016 cem.? Using the 
earlier estimates of compression in the surveyed ranges, and inferring 
those for other ranges from considerations of similarity, I found that the 
areal compression needed to account for all the mountains of the globe 
was about 2 x 101% cm.?||, subject to some increase to allow for old ranges 
already denuded away. The available compression would therefore appear 
ample, and perhaps indeed embarrassingly superfluous, if the geological 
estimates of the observed compression had not recently been so much 
increased. 


15-24. There is, however, another line of evidence that seems to indicate 
that part of the observed folding and thrusting must be due to something 
besides crustal shortening. Suppose the normal structure of a continent to 
be represented by 1 km. of sediments of density 2-4, 10 km. of granite of 
density 2:6, 20 km. of tachylyte of density 2-9, the whole resting on dunite 
of density 3-3. Imagine compression enough to double the thickness of 
all the upper layers, giving an increase of 31 km. The extra weight would 
displace 26-2 km. of the lowest layer, leaving an elevation of 4:8 km. The 
height of the summit of Mont Blane above the North Italian plain is 
4-5km. It seems clear that a shortening in the ratio 2 : 1 would give a 


* Pirsson and Schuchert, Textbook of Geology, 1915, 361; repeated (except for the Alps) 
in the second edition, 1920. 

+ Albert Heim, Geologie der Schweiz, 2, 1921, 50. 

t Bull. Geol. Soc. Amer. 34, 1923, 335. § Ibid. 268. 

|| Phil. Mag. 32, 1916, 575-591. 
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general elevation higher than the maximum height of the Alps, and far 
more than their average height. Yet Heim’s estimate involves a shortening 
in a ratio of 3 or 4 to 1, and even higher values are given by other writers. 

Such a result makes it necessary to reexamine our premises. The 
present relief in mountainous regions is due mainly to the carving of deep 
valleys, at the expense, in the first instance, of the sedimentary layer. 
The mean thickness of the light layers is therefore reduced, and isostatic 
balance is restored by the inflow of new heavy matter. The loss of a 
kilometre from the top implies the addition of 0-73 km. below, so that 
the mean level is lowered by 0:27 km. But the denudation is mainly at 
the expense of the mountain slopes and valleys; if the mountain tops had 
been denuded by the average amount for the region they would never 
have become mountain tops. The inflow by itself would raise the mountain 
tops by 0-73 of the average depth denuded, and if the summits themselves 
are denuded less than this the effect of denudation and compensation 
together will be to raise the summits higher. Presumably the ratio is 
much less than 0-73, and we may reasonably infer that the height of the 
mountains above sea level is now greater than when they were formed, 
by an amount of the order of half the mean depth removed, or, say, a quarter 
of the elevation of the mountain tops above the neighbouring valleys*. 

In the Alps and Rockies the height of most of the highest peaks is about 
4 km., and that of the valleys about 1 km. In the Himalayas the corre- 
sponding values are about 7 km. and 2 km. Hence we may suppose that 
the primitive height of the Alps and the Rockies was about 3-2 km. and 
that of the Himalayas 5-8 km. The shortening of the crust is then in the 
ratio 1-66: 1 for the Alps and Rockies and 2-2:1 for the Himalayas. 
Allowance for denudation therefore makes the discrepancy worse. 

On Holmes’s view that the intermediate layer is diorite of density 2-8 
and the lower eclogite of density 3-4, doubling the thickness of the crust 
would give a residual elevation of 6-2 km. instead of 4:8 km. This hypo- 
thesis therefore also increases the discrepancy. 

Nor is any help to be obtained from the hypothesis of S. Mohorovitié 
that the granitic layer is 60 km. thick. Doubling its thickness would then 
give an elevation of no less than 12 km., so that the crustal shortening 
needed to form the Alps would be only 0-27 of the present width, as against 
Heim’s factor of 2 or 3. Replacing the lowest 20 km. of the granite by basalt 
reduces the discrepancy only a little. But in any case this hypothesis is 
directly contradicted by the geodetic results. The thickness in a mountain 
region would have to be more than the normal 55-60 km., while compensa- 
tion in the Alps appears to be at a depth of only 41 km. Even without any 
allowance for regionality of compensation Mohorovitid’s depth is too great 
to agree with the facts. 


* Gerlands Beitriige, 18, 1927, 1-29; the point has also been noticed by Nansen, Avhand. 
Norsk. Videns-Akad., Oslo, 1927, 92, No. 12. 
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15-241. The hypotheses of other writers concerning the structure of 
the upper layers are therefore even more discordant than mine with the 
estimated crustal shortening in the great mountain ranges. The only 
apparent hope of improvement would lie in a substantial reduction in the 
adopted density of the lower layer, to, say, 3:0 instead of 3-3 gm./em$ 
The objection to this is that no known rock of this density would give 
the observed velocities of P and S waves; and as all the minerals contained 
in common rocks near this density have been tested it seems wildly 
unlikely that any other possible rock would do so. 


15-25. It must be recalled that the ranges in question include those 
where isostasy is best established by observation, and the failure of recent 
estimates of compression in them to agree with those indicated by isostasy 
can have only one explanation: that the compression measured in the 
field includes something that is not crustal shortening, and is therefore 
unsuited for comparison with the shortening indicated by the thermal 
contraction theory. 


15-26. On the other hand we may now use the estimates derived from 
isostasy directly. The present width of the Alps near the Jungfrau and of 
the Rockies near Pike’s Peak may be taken as 100 km., and that of the 
Himalayas near Mount Everest as 160 km. The compression involved in 
their formation is therefore about 70 km. for the Alps and Rockies, and 
190 km. for the Himalayas. But alternatively the Himalayas may have 
been formed by a smaller compression acting on a greater thickness of 
light rocks, possibly sedimentary. 

There have been several epochs of mountain formation during the 
earth’s history comparable in magnitude with the Tertiary one that pro- 
duced the mountains just considered. On the whole it seems that the 
agreement between the actual and predicted amounts of compression is 
as good as could be expected. 


15-27. The Pacific Mountains. The estimate of the available com- 
pression has been based on the curve on p. 154, which is adapted to 
continental conditions. Under the oceans there must be a range of depth 
where the cooling has been notably more than below the continents*. We 
cannot say yet whether this range is to be measured in tens or hundreds 
of kilometres, but the essential point here is its existence. In addition, 
it appears that basic rocks are, on the whole, stronger than acidic ones; 
thus basalt has, under ordinary conditions, a crushing strength of 
1-2 x 10° dynes/cm.*, as against 0-8 x 10° dynes/em.? for granitet. On 
account both of the greater intrinsic strength and of the lower temperature, 
the rocks below the oceans must be stronger than those below the con- 
tinents. Now where the compressed ocean floor abuts on a compressed 
continent, the weaker will be the first to give way; the continent margin 


* Cf. p. 159. ft Landolt and Bérnstein, Physikalische Tabelle. 
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will be forced inwards and its rocks piled up over those further inland, 
forming ranges of mountains parallel to the coast. These correspond 
closely to the mountains of the Pacific Coast of America. They are 
evidently, if this theory is correct, formed by the relief of sub-oceanic and 
not sub-continental compression, so that the compression produced has 
been derived from the oceanic rocks. 


15:28. Hpochs of Diastrophism. The formation of mountains has not 
taken place at all periods in the history of the earth; it is known that 
there have been long intervals of quiescence. These appear as a natural 
consequence of the present theory. In granitic rocks the modulus of 
rigidity is about 3 x 10% dynes/em.?, and Young’s modulus is about 
8 x 10%* dynes/cm.* The breaking stress being taken as 8 x 108 dynes/cm.?, 
we see that if Hooke’s law held right up to the breaking-point, the extension 
would be — 10-*. But it has been seen that the linear compression to be 
expected on the contraction theory is about 5 x 10-8. Hence the com- 
pression at any place has had time to reach the breaking stress and 
undergo complete relief about five times. 

What must happen on the thermal contraction theory of mountain 
formation (or indeed on any other theory that takes account of the pro- 
perties of solids) is that the stresses increase continuously until the strength 
of the rocks is reached, when flow commences. Until this stage no flow and 
no mountain building occur, and we have an interval of quiescence. When 
the stress-differences reach the strength, complete fracture takes place 
in surface rocks, and the strength is reduced to zero. Thus crumpling 
continues until the stresses are almost completely relieved. This corresponds 
to an epoch of mountain formation. Then the fractures become sealed up 
afresh, and further internal cooling recommences the process. By what 
has just been said about the strength of rocks, there may have been 
about five such epochs since the solidification of the earth. It is of interest 
that this is of about the order of the number of the great eras of mountain- 
building that are geologically known to have occurred. 


15-29. It has been seen on page 279 that the thinning of the crust below 
the layer of no strain is an essential preliminary to mountain formation. The 
depth of this layer is of the order of 100 km.; that of the asthenosphere is of 
order 40 km. (Though the thickness of the lithosphere is of the same order 
of magnitude as the combined thickness of the two upper layers of seis- 
mology, there is not yet any definite reason for identifying them.) Thus 
the initial thinning would take place under very small stress-differences. 
The outer layers are pulled down on to the thinned region by gravity 
until the stresses produced are greater than they can support, and fracture 
takes place. The piling up of the crumpled rocks necessarily increases the 
weight of rock per unit area locally, and hence there is a local increase in 
the pressure on the asthenosphere, which produces enough outflow to 
reduce the stress-differences there to the strength. But the horizontal 
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movements involved in the crumpling themselves involve motion of the 
lithosphere over the asthenosphere and are resisted by the viscosity of 
the latter until it is pushed out of the way. It appears therefore that the 
formation and compensation of mountains are parts of the same process 
and proceed simultaneously. . 


15-3. Some of the alleged objections to the contraction theory in 
general and the thermal contraction theory in particular have been 
met in the course of the above account. Some have been answered 
several times already, but appear to be capable of indefinite repetition 
however often they are answered. 


15-31. It is often said that continuous contraction of the interior would 
not give mountain formation on a world-wide scale, but only a vast number 
of very minute puckers. This really involves two questions: whether the 
formation of a few great mountain girdles is capable of reducing the 
compressive stresses below the strength of surface rocks, and whether any 
circumstance in the nature of the process indicates that relief would 
actually form such girdles. With regard to the first, we may notice that 
if the earth was flat a uniform compressive stress over a square continent 
could be relieved completely by two folds, one parallel to each pair of sides. 
Any tendency to general puckering could then arise only as a secondary 
effect due to the curvature of the earth. Now imagine a circular continent 
subtending an angle 2a at the centre of the earth; the radius of the earth 
being &, the diameter of the continent is 2Ra, and its perimeter 27F sin a. 
When a is small any change of # and a affects the diameter and perimeter 
of the continent in the same ratio. For continents of finite size the ratios 
may differ by quantities of the order of (1 — cosa) d6a. For an uncom- 
pressed continent da would be adR/R, and the actual value will be less. 
The difference between the extensions along the radii and perimeter of a 
continent during distortion is therefore at most of the order of 1 — cose 
of either separately. For a continent 4000 km. wide this is only »,. Thus 
when stresses even in a large continent reached the strength they could 
be relieved by the formation of two intersecting ranges, each involving a 
shortening of the crust in the same ratio, and leaving only a small residual 
stress unrelieved till the next general upheaval. There seems to be no 
reason why the ranges should be more closely spaced than they actually are*. 

When failure first takes place in a solid it produces a local departure 
from uniformity of structure, which constitutes a flaw. Near any such 
flaw the local stresses considerably exceed the general ones, and conse- 
quently, as is well known, any fracture or fold tends to extend. Thus when 
the stresses first reached the strength of the crust they would produce 
deformations that would extend widely, forming long ridges, until the 
stresses were sufficiently relieved to obviate the need for further shortening, 


* It is really for similar reasons that it is possible to make a terrestrial globe 
by fitting to a sphere sectors printed on plane paper. 
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The formation of a few great ranges is then to be attributed simply to 
the fact that it is easier to extend. an old break than to start a new one. 


15-32. The objection that continuous cooling would give continuous 
adjustment and not long quiet intervals separated by short and great 
upheavals has been answered already in 15:28. The actual alternation is 
precisely what would be expected when the finite strength of ordinary 
solids is remembered. Indeed the fact that a compression of the order 
of 1 part in 1000 is required to produce set in granite implies directly that 
the effect of a general crustal compression in a sphere 4 x 104 km. in 
circumference would be to shorten the crust by something of the order 
of 40 km. whenever yield took place. This is comparable with the amount 
of compression shown in typical great ranges. 


15-33. It has also been said that a thin solid crust could not transmit 
thrusts over long distances, but would be buckled into ridges of small 
horizontal extent. The question is one of what is called elastic instability, 
and has numerous applications in engineering. A long bar or beam under 
longitudinal thrust, if not prevented from bending sideways, will do so 
under a thrust much less than is needed to produce fracture directly. 
The condition for this to happen is that the work done by the thrust on 
the ends, when the ends are displaced inwards, shall exceed the elastic 
energy of bending. But in the case of the earth’s crust the work done 
against gravity and the pressure of the asthenosphere below must be 
allowed for, since the tendency of the asthenosphere to return to the 
spherical form under gravity and hydrostatic forces alone implies a definite 
opposition to bending of the crust, and the theory of the buckling of a 
free beam does not apply directly. 

We may neglect the curvature of the earth and treat the problem of a 
beam under two-dimensional distortion in a vertical plane. The horizontal 
distance from the end is x, the vertical displacement y (assumed small 
compared with the length). The length is 


[p a oe die 


taken between the ends. If then the strain is such as not to alter the 
length when the beam is bent, the ends must approach by a distance 


r 2 
| (34) ada. 


If Q is the thrust on the ends of the beam, it therefore does work 


The elastic energy involved in bending is* 


dx? 
* Cf. Lamb, Statics, 1921, 313. 
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where H is Young’s modulus for the crust and d its depth. When the 
crust is elevated a distance y a force gpy per unit area is needed to support 
the weight of the extra column of the underlying material of density p. The 
gravitational energy is therefore }gpy? per unit area. Our condition for 
instability is therefore : 
2 2 2 
| [40 (5) }, Ed? (5 4 Lopy?| ie) (2). 


da? 


It follows at once that if the disturbance is of very short wave-length the 
elastic term will be larger than the work done by the thrust. If the wave- 
length is very long the gravity term will be the greatest. In general if 
the wave-length is 27/«, and the region has a horizontal extent of many 
wave-lengths, so that end corrections may be omitted*, the condition 


an On? >, Ede Kt 9p) ae Sees (3), 
which is satisfied by some real value of « provided 
QS 48digp » ee eee (4). 


Now Q cannot exceed the thrust involved if a stress equal to the crushing 
stress of granite, say 10° dynes/cm.’, exists through a depth d; that is, 
Q<10°d. H can be taken as the Young’s modulus for granite, about 
7-5 x 104 dynes/cm.’, and p is the density of the matter in the astheno- 
sphere, about 3-3 gm/cm.® Substituting these values we find that we cannot 
produce elastic instability before fracture unless 


d< 1-2 x 103 cm. 


If the crust transmitting the thrust is more than 12 metres thick, the 
combined effect of elasticity and gravity will be to keep it thoroughly 
stable for any thrust capable of being borne by the material at all. It 
seems to be a matter of minor importance, in view of the order of magnitude 
of this result, whether the ‘crust’ for this purpose is taken to mean the 
lithosphere, the two upper layers of seismology, or the region above the 
level of no strain. In any problem of mountain formation the thrust can 
transmit the stresses perfectly for any distance, and failure takes place 
where the stress-difference first reaches the strength of the rocks. 


15-34, A further objection that has been urged against the contraction 
theory in general is that it supposes the interior to contract away from 
the outside, leaving the latter unsupported, whereas it is easy to show 
that an unsupported spherical shell would be put by gravity in a state 
of stress such as no known material could stand. It is difficult to see why 
this should be urged as an objection to the theory, seeing that the fact 
that the outer crust has been subjected to stresses that it was unable to 
stand is the very thing we have to explain; and it would be interesting 
to know what the objectors think would happen if the interior of the earth 


* The complete problem, with proper allowance for the end conditions, is discussed by 
S. Goldstein, Proc. Camb. Phil. Soc. 23, 1926, 120-129. 


Stresses in Cooling Globe 289 


underwent a radial contraction of 20 km. But actually the idea that the 
outside is left unsupported is not a part of the theory, as will be seen from 
the following investigation of the stresses in a contracting globe before set 
has occurred. 

If the difference between continents and oceans be ignored, and the 
earth be considered simply as cooling from the outer surface, let us con- 
sider the elastic strain due to the change of temperature. The earth in these 
conditions will remain perfectly symmetrical, and if the centre be taken 
as the origin of coordinates, we have, with the notation of Chapter IX, 


GUT De GY, Ue sega) 4) Vee ee (1), 


where g is the radial displacement and r the distance from the centre. 
The radial force acting on unit mass is g, and is of course in general 
a function of r. Thus 
NOU ROL. Wa | nigh deeeee (2), 


and UX Od gy, == geen eee (3). 


The force per unit mass at (x, y, z) after the displacement is 


dX, —q\2 
(x, q =e) (- 2 4) , ete., 


_ 29xq , qu dg 
so that XG Fig ee 4 el ar ee (4). 
Led 
Also o= ae CEG Vite ge iilietetie NTE Usa prrerets (5), 
d, 
Pi=—pd—q-42 eee (6) 


Substituting in 9-1 (20), and remembering that A and + are functions of r 
alone, we find that all three equations are satisfied if 


d 4qdu dy | 4q 
Bp le 2) = r dr adr' r 


Ope Oy aes (WOE 


If cooling has extended to a depth of order H, we see that in the portion 
of the earth affected by the cooling dq/dr must be of order q/H, and 
therefore in general large compared with q/r. If R be the radius of the 
earth, we see that the first term in this equation is of order Aq/H?, the 
second Ag/R?, and the fourth gp,q/R. Accordingly no term, with the ex- 
ception of the third, can amount to more than a hundredth of the first. 
We can accordingly reduce the equation to 


d dy 
a8 pane re) PME Bae cc, ci, 8 
{A+ 24) 8} % = 0 Beret 
a y 
giving 5= N+ dp tC OIS Ui ait A Oy ci ie Jee, (9). 
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If we consider a point on the axis of x, the additional stresses are 


dq 

= sie BS PR ONE SY 10), 
Boy = Per = B+ 2 — y —saseereee (11), 
Puyz = Paz = Pay = Qe! lg EE ester ctr (12). 


Thus the principal stresses are radial and tangential, and it.is at once 
seen from symmetry that this must be true at all points. Now the tendency 
of the matter to flow or fracture is determined by the stress-difference. 
As the initial stress-difference was zero, the actual stress-difference is the 
same as the difference between the radial and tangential additional stresses. 
If P, the radial stress, is the greater, horizontal compressional movement 
will tend to occur; if Q be the greater, there may be vertical fractures, or 
the matter may spread out horizontally. Now 


pe Q= au (G2) = 24 (8-5 ]” r8ar/) 


2 [7 dd 2 d (83A+ 2p) nV a 
es Bor ro dr = a Aa Lea Oe (13). 
(BA+ 2u)nV _ 
me Ene 
Then P—Q= ef we Gf) - | nasa (14). 


Suppose first that the last adjustment to stress took place at solidification. 
Then the cooling is greatest at the surface, and steadily becomes less 
inwards. If A/u is nearly constant, as is usually true, d6/dr is always 
negative, and therefore P — Q is always negative. Thus the immediate 
effect of the cooling of the earth is to produce a strong tendency to vertical 
fracture or horizontal spread at all depths. 

On the other hand, suppose that the crust has by flow or fracture 
adjusted itself since solidification until the horizontal tension first produced 
has been completely relieved, and consider the effect of further cooling. 
The fall of temperature at the surface is zero, on the supposition that the 
temperature there is maintained wholly by radiation from the sun, which 
is supposed constant. Hence @ is zero when r = 0, falls to a maximum 
negative value in the crust, and then increases again, reaching zero once more 
at the surface. Thus if it were not for the variation of r* within the region 
of integration, P — Q would be zero at the surface. But above the layer 
of greatest cooling r is greater than below, and therefore in the integral 
d@/dr is multiplied by a larger quantity when it is positive than when it 
is negative. Thus P — Q is positive when r = R, and of order R?H6,, where 
0, is the numerically greatest value of 6. At depths comparable with that 
of the level of greatest cooling, the integral is of course negative. Hence 
if there has been no variation in the surface temperature since hydrostatic 
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conditions were last attained, symmetrical cooling must necessarily lead 
to P— Q being positive at the surface and negative below. . 

The radial stress P can be evaluated most easily by considering the 
equilibrium of a small piece within a cone of small angle 2¢ and between 
r and r + dr. The solid angle subtended at the centre is 7a, and the 
perimeter is 2mra. The horizontal stress Q acts normally to the conical 
surface, and therefore produces a component force parallel to the axis of 
the cone. The equation of equilibrium is 


te (r2P) wa®dr — gorr?atdr — Q.2aradr.a=0 0.0.0... (15), 
which gives easily oe = - 2 ei @) i CARN Wace a (16). 


Now P— Q cannot exceed the breaking stress, say 10° c.g.s. units, 
and the first term on the right is at most 3 c.g.s. units. The second term 
is about 3000 in the same units. The deformation therefore makes no 
difference of importance to the vertical stress, which is practically the 
same as in hydrostatic equilibrium. It vanishes at the outer boundary, 
and with increasing depth (decreasing r) it becomes negative, corresponding 
to a pressure and not a tension. The type of yield involved in the con- 
traction theory is in fact a crushing due to the horizontal pressure being 
greater than the vertical one; both are compressive stresses, and there is no 
question of the outer layers becoming separated from the inner ones. Itis for 
this reason, incidentally, that the crushing strengths of materials are more 
interesting in problems of crustal mechanics than the tensile strengths. 


15-35. With regard to the objections to the thermal contraction theory 
in particular, the best known is that of Osmond Fisher*, who claimed that 
the amount of contraction predicted was quantitatively insufficient to 
account for known mountain ranges. Osmond Fisher’s discussion, how- 
ever, rests on several incorrect hypotheses. In the first place, he uses 
Kelvin’s theory of the cooling of the earth, which is now known to be in 
serious error, since it ignores radioactivity and takes the age of the earth 
to be only 10° years instead of over 10° years. This in itself shows that 
none of Fisher’s quantitative estimates can be accepted at the present day. 
There is, however, a still more serious error. Fisher’s criterion of quanti- 
tative accuracy is based, not on the reduction of area by crumpling, but 
on the volume of crumpled rock. This is estimated, correctly in principle, 
by finding the reduction of area in each layer down to the level of no 
strain, where crumpling ceases, and integrating with regard to the depth. 
Fisher then supposes the crumpled rock spread in a uniform layer over 
the surface of the earth, and finds that the thickness of this layer is only 
a few metres, which is small in comparison with the heights of existing 


* Physics of the Larth’s Crust, Macmillan, 1889. 
I9-2 
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mountains. With the data here employed, the depth found is greater than 
Fisher’s estimate, being of the order of 200 metres, but is still less than 
the heights of known mountains. The comparison made, however, is quite 
illusory. It would be valid only if the physical process suggested in the 
calculation bore a close resemblance to that involved in the actual elevation 
of mountains, which is not the case. The rocks crumpled at great depths 
have not all been brought up to the surface in the process; a very small 
fraction of them have. Those crumpled at the surface have not been 
uniformly spread out, and if they had been, the surface would have re- 
mained perfectly level, and no mountains at all could have been formed. 
The only way of altering Fisher’s comparison so as to make it serve as a 
trustworthy test of the thermal contraction theory of mountain building 
would be to find the depth of the layer that the existing mountains would 
form if they were all pulverized and spread uniformly over the earth; and 
it is certain that the depth of such a layer would not exceed a few tens of 
metres. 


15-36. An objection of less fundamental character, but less easily 
answered, has recently been offered by Holmes*. The depth reached by 
cooling increases nearly in proportion to the square root of the time, and 
therefore the compression should do the same. The compression should 
therefore increase more and more slowly as time goes on, and the intervals 
between consecutive great upheavals should increase like the square root 
of the time. Holmes considers that the actual intervals are approximately 
equal, and the number in pre-Cambrian time does seem to be less than 
would be expected from the interval between the Hercynian (late 
Carboniferous) and Alpine folds, say 200 million years. There are two 
possible answers to the argument, though neither of them is so definite 
as one would like. The first is that the theory is being pushed into greater 
detail than a theory expressly constructed to deal with average conditions 
could be expected to stand when applied to the earth’s surface, diversified 
as it actually is. The yielding in an epoch of mountain formation is not 
complete; it merely continues until the stresses are nowhere as great as 
the strength of the materials. Some stress-differences would therefore 
survive and be carried over till the next epoch. This effect would tend to 
distribute the mountain formation more uniformly in time. 

But in one form of the thermal contraction theory approximate uni- 
formity is to be expected. If the crust, when it became stiff, went into 
the liquevitreous state, further cooling from the top would produce con- 
vection currents. We should then have a durovitreous or crystalline layer 
on top, resting on a liquevitreous layer. The former thickens gradually, 
while the latter is still cooling by convection as fast as the slow conduction 
through the outer one will permit. If this is the actual state of affairs, the 


* Geol. Mag. 64, 1927, 274-275. 
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compression would vary at first as the square root of the time, but later 
the thickening of the crust, at an approximately uniform rate, would 
provide most of the compression*. This view of the process depends on 
several factors that have not yet been properly investigated, and is men- 
tioned here merely to show that Holmes’s objection is not final. 

15-4. LHffects of Change in the Earth’s. Rotation. We have seen that a 
simple calculation based on the present rate of secular acceleration of the 
moon’s motion implies that 1600 million years ago the earth rotated in 
0-84 of our present day, and that just after the moon was formed the 
period of rotation was probably about 5 hours. The ellipticity of figure is 
proportional to the square of the angular velocity of rotation, so that, 
on the above estimates, the ellipticity 1600 million years ago was about 
sto» and the original ellipticity about 2,. Now the radius of the earth 
in colatitude 6 is R {1 + « (4 — cos?6)}. We are not at present considering 
variations of the mean radius, but it appears that the equatorial radius 
contains a variable part 4<«R. This would imply a contraction of the 
equatorial circumference by 18 km. in the last 1600 million years, and by 
1000 km. since the moon was formed. The latter estimate is very large, 
and changes in the earth’s ellipticity can hardly have failed to produce 
a marked effect on the primitive form of the earth’s surface. On the other 
hand the compression in geological time is not very important. But if we con- 
sider that the moon was formed from the earth not more than 2500 million 
years ago we shall have to suppose the lags in the tides greater in the past, 
and the change of ellipticity in geological time greater than we have just 
found. A larger fraction of the available 1000 km. may be brought into 
geological time in this way. On the other hand the effect in polar regions 
is a stretching. The rate of tidal friction containing the inverse sixth power 
of the moon’s distance as a factor, its effects must in any case have been 
concentrated in the early history of the earth, and mountains as we know 
them can probably not be attributed to it. 

In addition to the change of ellipticity produced by the change of 
rotation, there is a general symmetrical. contraction, noticed by J. W. 
Evans and evaluated by Stoneleyt. This would have shortened every 
great circle by about 70 km. since the earliest times. But this effect is 
inseparably connected with the much larger effect of change of ellipticity, 
and the total effect, with its stretching of the crust over the great polar 
caps, is qualitatively different from the one that arises in our immediate 
problem. It appears that change of rotation, whatever its influence may 
have been, is unlikely to have determined directly the formation of existing 
mountains. 


15-41. To sum up, the successes of the thermal contraction theory are 
that it predicts an amount of mountain formation of the right order of 


* Cf. Gerlands Beitrage, 18, 1927, 12-14. + M.N.R.A.S. Geoph. Suppl. 1, 1924, 149-155. 
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magnitude, that it implies an alternation of quiescent periods with periods 
of mountain formation, with about the right number of each in the history 
of the earth, and that it accounts naturally for the existence of the Pacific 
type of mountain. In connexion with it, it must be recalled that it is not 
a theory invented ad hoc to explain mountain formation, but a direct 
consequence of a theory of the earth’s thermal history designed primarily — 
to account for the observed vertical variation of temperature in the earth’s 
crust, and itself checked at several other points. None of the alleged 
objections to it appears to carry any weight except possibly that it does 
not fit immediately the observed lengths of the periods of quiescence, 
but even this does not appear insuperable. 


15-5. The History of Mountain Ranges. We have seen that the level 
of no strain is at a depth of the order of 100 km. This is well down in the 
asthenosphere. Hence there is horizontal compression throughout the 
lithosphere and the upper part of the asthenosphere. On account of the 
weakness of the latter it must frequently give way, and in particular it 
must yield easily to the stresses developed before and during mountain 
formation. The outward displacement of the asthenosphere must go on 
while the mountains are being formed, and probably keeps pace with it, 
so that the great ranges are compensated from the start; it is not correct 
to speak of them as having been formed first and compensated afterwards. 


15:51. But another type of outward flow is indicated by the later 
history of mountain ranges. We have already supposed that about 3 km. 
of sediments have been removed from Alpine valleys by denudation since 
the original compression, which took place about 30 million years ago. If 
denudation had proceeded at this rate since the Carboniferous period, say 
250 million years ago, 25 km. of material would have been removed. This 
would be enough to remove the sedimentary and granitic layers, and to 
cut deeply into the intermediate layer. Even if we allow the upper layers 
to have been doubled in thickness by the compression, the depth of the 
bottom of the granitic layer below the outer surface would be only about 
25km. The actual conditions in very old mountain ranges are quite 
different. The mountains of Wales and Scotland, the Appalachians, and the 
Urals may be taken as typical. Old rocks, including gneisses that may 
have been derived from the granitic layer, are indeed usually exposed in 
the centres of such ranges; but the extraordinary fact is that old sedi- 
mentary rocks survive, even though they must have borne the full effect 
of the denudation. This seems to show that the average rate of denudation 
cannot have been more than a small fraction of that appropriate to 
Tertiary and Quaternary times, even when the regions compared are moun- 
tainous in both cases. 

It seems unlikely that climatic conditions can have varied very greatly. 
The intensity of the atmospheric circulation is determined mainly by solar 
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. radiation and dynamical conditions, which cannot have varied much, and 
if a mountain range is in the way of a current of moist air of given intensity 
the rainfall also will probably be about the same. We have no reason to 
suppose that the rainfall on’a mountain range of given height has under- 
gone great systematic variations, and if we do not make this hypothesis 
we must suppose that the real height of the old mountain ranges, during 
most of the time since their formation, has been much less than that of 
the Alps, and that denudation has been small because the relief has been 
low. This view is supported by the fact that the old ranges in question are 
now of moderate height, though the amount of compression indicated by 
the degree of folding is comparable with that in the greater ranges. 

A further argument, not depending on assumptions about the rate of 
denudation, is provided by the fact that some old mountain ranges 
showing great folding have been denuded so far as to be almost indis- 
tinguishable from plains. How can a mountain range be so much lowered ? 
We have seen that the removal of 3 km. of sediments lowers the outer 
surface by only about 0-8 km. Thus if a mountain range was originally 
3 km. in height, and the sediments composing it were 3 km. thick, it could 
not be lowered to the level of the surrounding country until first the 
3 km. of sediments, and then 11 km. of granite, had been removed. Here 
again we have a result inconsistent with the presence of old sediments in 
the ranges in question. 

The only way of reconciling these facts seems to be to admit that 
denudation, accompanied by isostatic compensation, is not the only cause 
of the lowering of mountains. If the outer layers can move outwards 
under the excess of pressure due to the weight of the mountains, the outer 
surface can be lowered without heavy denudation. If such outflow reduced 
the thickness of the granitic layer by 10 km., the outer surface would be 
lowered by 2km. If the intermediate layer is tachylyte and became 20 km. 
thinner, a similar result would follow. Outflow in the lower layer of course 
would not account for anything, since nearly complete adjustment in this 
layer is already implied by the isostatic compensation of the recent ranges; 
it can do nothing more for the old ones than it has already done for the new 
ones. The mechanism is to be sought in the granitic and intermediate layers. 

The normal temperature being nearer to the melting point in the 
intermediate layer than in any part of the granitic layer, we naturally sup- 
pose that most of the outflow takes place in the intermediate layer. In the 
history of a mountain range we therefore contemplate the following stages. 

1. Compression of the crust, with thickening of the sedimentary, 
granitic, and intermediate layers, elevation of the surface and outflow in 
the lower layer. 

2. Sculpturing of the outer surface by denudation, with deepening of 
the valleys and slight rise of the highest ground. This process leads to the 
maximum of relief. 
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3. Outflow of matter from the intermediate layer, with compensating 
inflow in the lower layer. The region sinks, and denudation becomes less 
active. The valleys are by this time so deepened as to undergo no further 
denudation, and further erosion is confined to the mountain tops. 

4, Final stage, when the whole is worn down. Old sedimentary rocks 
and possibly the granitic layer are exposed. The granitic layer is probably 
thicker, and the intermediate one a great deal thinner, than at the com- 
mencement of the process. 

The time taken in the first stage is of the order of a million years, the 
second 30 million, and the third 300 million. 


15-52. These processes are phenomena of plasticity, the quantitative 
theory of which has not yet been far developed. If viscosity is measured 
as the ratio of shearing stress to rate of shear, it is always infinite when 
the stress-difference is below the strength. When distortion is actually 
taking place, however, the viscosity is finite. The best we can do at present 
is to use the elasticoviscous law of 14-422. Under forces of long period 
an elasticoviscous solid with rigidity » behaves practically as a liquid 
with viscosity pt,. For a mountain range 100 km. wide to be flattened 
out in an interval between 10 and 300 million years, it can be shown that 
a kinematic viscosity between 107? and 3 x 1073 cm.?/sec. in the inter- 
mediate layer will suffice. Such a viscosity in the lower layer, where flow 
is not constricted in depth, would imply adjustment in a time not ex- 
ceeding 3 x 104 years*. This can be regarded as the time needed for ordinary 
isostatic compensation. It is of the same order as the time since the last 
glacial period, and indicates that most, but perhaps not all, of the 
inequalities left by it have had time to become compensated}; and it con- 
firms our preliminary conjecture that mountains are compensated nearly as 
fast as they are formed. 

The viscosity in the lower layer needed to prevent convection currents 
in the uppermost 300 km. in spite of the gradient of temperature is of 
order 5 x 1072 cm.?/sec. That indicated by the variation of latitude for 
the rocky shell in general was at least 5 x 10° cm.?/sec. But it should be 
noticed that damping of the variation of latitude, and also convection 
currents, would be absolutely prevented if the material has afinite strength, 
however small, and it probably has one. The estimates from the history 
of mountains refer to the behaviour under stresses great enough to cause 
permanent deformation, and give positive evidence about the imperfection 
of elasticity of the crust. 


15:6. Vulcanism and Intrusion. The formation of volcanoes, dikes, 

* Gerlands Beitrdge, 18, 1927, 22-25. 

+ Nansen gives evidence for the view that the Scandinavian ice sheet had time to become 
compensated (loc. cit.). Cf. also Daly, Our Mobile Earth, 190-202; Lake, Geog. Journ. 72, 
1928, 575-576. 
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and sills, and other elevations of rock magma, in a liquid or partly liquid 
state, to the surface or near it require explanation. On the theory of 
Chapter VIII the present temperature at the base of the intermediate 
layer is about 650° C., and that at the base of the granitic one about 300°. 
Dry basalt and granite do not soften at temperatures below 1000° or more, 
and this value may have to be increased at the depths in question to allow 
for the effect of pressure on the melting point or the viscosity. The genera- 
tion of liquid granite and basalt is therefore a definite problem; so definite, 
indeed, that it formed Holmes’s principal reason for abandoning the theory 
of the earth’s thermal history that he had played a leading part in creating. 
I do not, however, think that the difficulty is so serious. In the first place, 
we cannot admit that fusion in the upper layers is a normal condition. 
Vulcanism is occasional, and local, not perpetual and worldwide, and the 
behaviour of the earth in supporting mountains, transmitting distortional 
waves, and permitting oceanic tides shows quite definitely that the upper 
layers are solid at present. Secondly, Jaggar’s observations on the crater 
of Kilauea* showed that the basaltic magma there was truly fluid at tem- 
peratures of 750°-850°, the reduced temperature being due to volatile 
constituents. Elevation of magma to the surface being the abnormal 
condition, we must suppose the normal temperatures in the basaltic layer 
to be below that of newly risen magma. From this point of view the tem- 
peratures inferred for the intermediate layer seem highly satisfactory. 
Indeed it seems to me that the real difficulty is in the opposite direction 
to that felt by Holmes. Direct measures of the viscosity of rocks at high 
temperatures have not been carried out, but Trouton and Andrewsy found 
that soda glass at 710° had a viscosity of 4 x 10°, and at 575° one of 
1-1 x 10%. Extrapolation to 500° gives a viscosity of 2 x 1014. We have 
seen that the kinematic viscosity of the intermediate layer is over 1022, 
and the ordinary viscosity over 3 x 1072. It is rather surprising, in con- 
sideration of the temperature, that the viscosity should be so high, but 
the legitimacy of the comparison needs to be checked experimentally. 


15-61. Our problem is to explain how the basaltic layer (we are 
assuming for the purpose of discussion that the intermediate layer is 
tachylyte) comes to be heated up by the requisite 100° at least to make 
it capable of rising to the surface through the granitic and sedimentary 
layers, and how, when it has done so, it manages to solidify again. The 
great basaltic outpours, especially the plateau basalts, are mainly in 
districts where active volcanoes no longer exist. These facts seem to point 
to local and temporary sources of heat. So does the difference in level of the 
lava in two neighbouring craters in Hawaiit. Chemical action is capable 
of producing elevations of temperature of the correct order of magnitude, 


* Amer. J. Sci. (4) 44, 1917, 208-220. t Phil. Mag. 7, 1904, 347-355. 
~ Cf. Daly, loc. cit. 164-165. 
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for Jaggar shows in the paper just quoted that the lava in the fountains 
of the Kilauea crater is at about 1100°, though variable; the normal 
temperature some distance down was 750°-850°, and the difference was 
attributed to chemical action with the atmosphere. Day has gone a long 
way towards a constructive theory of vulcanism*, in which chemical! action 
between the gases expelled from the crust plays a leading part. The gases 
actually emitted at the surface in volcanoes are such as would react 
mutually if they were mixed, and it is certain that they must meet within 
the crust. Granting the facts, the explanation of local fusion when active 
gases from different sources in the lower layer react in the intermediate 
layer seems adequate. It has the further recommendation that when a 
given source of gas is exhausted or blocked up the fusion will cease, and 
the igneous activity come to an end. 


15-62. Mountainous regions would evidently be expected to be regions 
of igneous activity. If the formation of a mountain chain thickens the 
upper layers locally by one-half, the ultimate effect when conditions have 
again become steady is to increase the local output of radioactive heat in 
the same ratio, while the basal temperature S, of Chapter VIII is multi- 
plied by 2-25. The former change is capable of observational test, but the 
existing data suffer from ambiguities of interpretation. The latter implies 
that fusion in the intermediate layer, and possibly even the granitic layer, 
is to be expected below a mountain chain. The squeezing out of the 
intermediate layer already inferred, and the occurrence of large intrusions 
of granite and andesite in mountainous regions, are therefore not surprising. 
The granite in these cases usually forms a bathylith or central core, and 
andesite is the rock usually associated with volcanoes among folded 
mountains. There is, however, a difficulty in seeing how igneous activity 
produced by radioactive heating can stop, because such heating is steady, 
and steady heating in a solid or liquid normally leads to a distribution 
of temperature tending asymptotically to a steady state such that con- 
duction and convection remove the new heat as fast as it is generated. 
Fusion once produced would therefore be permanent. The tendency of 
radioactive constituents to concentrate upwards seems to save the situa- 
tion here once more, though the thinning of the sedimentary and granitic 
layers by denudation, and of the intermediate one by horizontal outflow, 
will help. 


15-63. Excess of radioactivity to such an extent that S, exceeds the 
fusion point in general, and not merely in the special conditions of mountain 
ranges, has been appealed to as an explanation of the igneous activity in 
non-mountainous regions. In this case the usual difficulty of seeing how 
resolidification can ever occur is aggravated. In such regions as the Deccan, 
for instance, where basaltic outpours have covered the outer surface over 

* J. Frank. Inst. 200, 1925, 161-182. 
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wide areas, the total radioactivity in a vertical column is unaffected by 
the redistribution, but the highly radioactive granite layer is buried to a 
greater depth than usual, with corresponding further increase of S,. In 
these circumstances it looks as if the outbreak must continue until the 
whole intermediate layer has poured out and submerged the outer surface 
to a depth of 20 km., followed by fusion of the granitic layer and upward 
concentration of radioactive matter. (We may recall at this stage that 
plateau basalts are Jess radioactive than ordinary basalts.) It does not 
appear that any of the great outbreaks of igneous activity have been on 
anything like the scale to be expected had they been due to the excess of 
radioactive heating. On the other hand Day’s chemical hypothesis appears 
to fit the facts quite well; it is merely necessary to assume enough tem- 
porary heating to melt the basalt locally and produce ejection of part of the 
magma; the resulting submergence of the outer crust would increase S,, 
but there is no reason to suppose it increased enough to produce permanent 
fusion, and the outbreak would cease when the supply of chemically active 
material ceased. 


15-64. Vulcanism on the Moon. The mean density of the moon is 3-4. 
We have seen that the effect of compression in the earth’s rocky shell is 
enough to increase the mean density from 3:3 to 4:3. Gravity on the 
moon is only a fifth of what it is on the earth, and the radius of the moon 
is about half the depth of the rocky shell. Thus the effect of compression 
on the mean density in the moon should be of the order of a tenth of 
what it is in the earth’s rocky shell. The moon is therefore probably mainly 
composed of material with a density of about 3-3 at atmospheric pressure. 
There seems to be no room for a metallic core in the moon. On the other 
hand the opinion that the earth’s rocky shell is mainly dunite and that 
the moon has been in some way formed from the outside of the earth is 
in good agreement with the moon’s density. In cooling the moon would 
be expected to have gone through a series of stages analogous to those 
inferred for the earth. The separation of granitic and intermediate layers, 
possibly rather thicker than on the earth, since the moon came from the 
outside of the earth, and the slow upward concentration of radioactive 
matter, assisted by the upward movement of gases, especially steam, 
would proceed as for the earth. On the earth the visible traces of this 
process have long been obliterated by denudation, but on the moon the 
indications of a former spell of volcanic activity incomparably more 
violent than anything known on the earth are clear. The great smooth 
plains (maria) cover a large fraction of the surface, and the lighter-coloured 
remainder is largely composed of craters of widely different sizes. In 
places, however, there are stretches of elevated ground of very irregular 
topography, but without craters*. It looks as if the latter represent the 


* A remarkably fine collection of illustrations of lunar formations is given by W. Goodacre 
in Hutchinson’s Splendour of the Heavens. 
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primitive solid surface, through which the eruptions took place during 
the primitive expulsion of the water from the interior, forming the majority 
of the craters*. The maria are a further set of outpourings on a much 
wider scale, and appear to have submerged much of the original surface. 
Minor activity has taken place more recently, as is shown by the few 
craters existing within the maria. The surfaces of the maria are not per- 
fectly flat, but the departures are not greater than can reasonably be 
attributed to the changes of volume of a viscous liquid during cooling. 
The moon’s apparent complete quiescence at present, in spite of its 
riotous early history, is explicable on the supposition that in it, as in the 
earth, gradual upward concentration of the radioactive constituents once 
played a determining part in its development. There is, however, a differ- 
ence. Whereas in the earth this concentration overshot the mark andreached 
a stage that permitted steady cooling afterwards, in the moon it must have 
stopped earlier: there are no folded mountain ranges on the moony. 


15-7. The Origin of Continents and Ocean Basins. Two things are clear 
concerning the initiation of the distinction between continents and oceans. 
It did not take place while the earth was fluid, for in the fluid state 
surfaces of equal density would remain equipotentials, and the free surface 
would be perfectly smooth. It cannot have occurred since the earth 
solidified, for the process of collecting nearly all the granite into one-third 
of the earth’s surface seems inconceivable when it is resisted by the 
rigidity of the materials. We seem to be restricted to processes occurring 
during solidification. 

The best known of these is based on the resonance theory of the origin 
of the moon. If the moon was formed by this means while the earth had 
a thin solid crust, mainly granitic, it would have carried off a large portion 
of the crust with it. The hole that remained would quickly become partly 
filled by inflow of heavy magma, leaving large granitic slabs floating on 
a heavy fluid. These slabs, according to this theory, became the continents, 
and the exposed denser material the ocean floors. The place where the 
moon emerged gave the largest ocean floor; the Pacific Ocean is thus 
regarded as the scar left when the moon was formed. 

This theory, due to Osmond Fisher, has had many adventures since 
it was formulated, partly through the parent resonance theory and partly 
on its own account. The difficulty about the resonance theory has always 
been to keep enough of the earth with a low viscosity for a long enough 
time for a displacement with the requisite amplitude to be worked up. 
But we have now seen that only a thin shell of the earth could have 

* Explosions of magnesium powder and potassium chlorate under a plastic surface 
have been found by S. Mohoroviéié to give formations remarkably like lunar craters: 
Arhiv 2. Hemiju i Farmaciju, Zagreb, 2, 1928, 66-76. 


+ Unless indeed the elevated irregular regions are what our mountains would have been 
like if they had not been denuded. 
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solidified before the radioactive materials became concentrated to the top; 
there is no clue as yet to the time taken in this stage, and so long as it 
lasted the earth would behave practically as a perfect fluid in tidal dis- 
turbances. There is therefore no serious objection to the resonance theory 
now. An objection expressed to Fisher’s theory in the first edition of this 
work has proved to depend on a misunderstanding of a result proved by 
Jeans. Light solid fragments floating on a liquid interior, and largely 
confined to one side, would correspond to a first harmonic displacement. 
Now Jeans showed* that the earth is stable as regards displacements of 
this type. This appears to show that the fragments would spread out so 
as to distribute themselves as symmetrically as possible, so that the scar 
would have lasted a few days or months instead of to the present time. But 
Jeans’s argument starts with a symmetrical earth, and is no longer ap- 
plicable when the cohesion of each floating fragment is resisting the restora- 
tion of the spherical form instead of the disturbance from one. It actually 
appears that the force between two floating blocks is an attraction, so 
that the primitive continents would tend to collect together; but it is 
small and probably insignificant in comparison with another force making 
for horizontal displacement, the Polflucht of Edtvést. 

The theories of the two forces are very similar. Imagine a block of 
depth h and density p floating in a liquid of density p,. The base of the 
block is at a depth ph/p, below the surface of the fluid; the height of its 
centre of mass above that of the displaced fluid is $(1 — p/p))h. If the 
block is removed to a great distance and replaced by an equal mass of 
the fluid brought from a great distance, the new centre of mass is that 
of the displaced fluid, and the work done by gravity is $ (1 — p/p) mgh, 
where m is the mass. This is the potential energy of the system with the 
floating block, in comparison with a fluid mass in equilibrium. If g is not 
the same all over, we see that the potential energy is least if the block is 
where gravity is least; there is therefore a force tending to displace a 
floating body towards the regions where gravity is least. Thus a floating 
body tends to move towards the equator; this is Hétvés’s phenomenon. 
With the formula for gravity 


g = G (1 + 0-00529 cos?6), 


the equatorward force per unit area is 
a 
( - £) p ss G x -00529 cos @ sin 6. 
pos Lt 
With 
p = 2-7, pp = 3:3, h= 15km., R= 6-4 x 108 em., G = 980 cm./sec.?, 
the maximum value of this is about 4400 dynes/cm.? 


* Proc. Roy. Soc. A, 93, 1917, 413-417. The argument of 12-33 contains an alternative 
proof. 

+ Verh. d. 17. Konf. d. Int. Erdmessung, 1913; W. D. Lambert, Am. J. Sci. 2, 1921, 
129-158. 
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The attraction between continents arises from the disturbance of 
gravity at the centre of one produced by the other. It is much less than 
the equatorial force. The thickness of a continental block is comparable 
with the height of the equatorial protuberance, but its disturbing effect 
is much less on account of the fact that it is compensated. The force per 
unit surface between average continents 90° apart is of the order of 10~? 
dynes/cm.? 

If we attribute to the earth a viscosity of 10°, such as we have seen 
to be permissible, and allow for the greater value of the equatorial force 
owing to the greater speed of rotation in early times, it is found that a 
floating continent would reach the equator in a time of the order of a day*. 
It is therefore difficult to see how continents formed in this manner could 
have failed to become nearly symmetrically distributed across the equator 
and stay there. Nevertheless the difficulty is less serious than the previous 
one, and it does not seem that Fisher’s theory of the origin of the Pacific 
is impossible. 


15-71. An alternative theory, not depending on the birth of the moon, 
is based on the result of 15-34 that the first effect of cooling from the 
surface is to produce a horizontal tension at all depths.*This would tend 
to produce vertical cracks, of small horizontal scale to begin with, which 
would become the localities at first of formations analogous to lunar craters. 
As the process went on, these cracks would tend to spread, on the principle 
that it is easier to extend an old crack than to start a new one. Also the 
deeper cracks would tend to grow downwards faster than the shallower 
ones, and the cracks would tend to run together at their ends, on account 
of the region between them having to support more than its share of the 
tension. The honeycomb of small cracks would therefore tend to be 
dominated by a few large polygonal systems. Such a process is indicated 
by the formation of the lunar maria after the majority of the craters. But 
a tension in a crust too small to fit the interior would tend to expel through 
the cracks enough fluid to relieve the tension. On reaching the outside 
this would spread out horizontally, but it would be delayed by viscosity 
and might well have failed to overflow the whole surface before it solidified. 
If this happened when the cracks had not penetrated through the granitic 
layer the ejected magma would be mainly granitic, but if it happened 
later it might be basic or ultrabasic. The apparent total absence of granite - 
from the Pacific is against this theory, because the theory requires at least 
a thin solid layer all over the outside before the formation of the fissures ;e 
but Holmes’s suggestion of a syenite layer over the ocean floor is at least 
helpful. It would apparently make the continents on the earth correspond 
to the maria on the moon, which is curious. F. E. Wright has noticed 


* M.N.R.A.S. Geoph. Suppl. 1, 1926, 418-423. 
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that the light reflected by the moon shows remarkably little polarization*, 
indicating the absence of both glasses and basalts from the surface, but 
does not distinguish between the maria and the elevated regions. Further 
work on these lines is desirable. 

Mars shows a diversity of surface markings, and as it does not possess 
a large satellite Fisher’s theory is not available as an explanation. That 
just given may be; but the origin of continents cannot at present be 
considered a solved problem. 


15-8. The Permanence of the Continents. Three questions are really 
involved under this head, and require separate treatment. Has the in- 
clination of the earth’s axis to the plane of its orbit varied during its 
history? Have the poles always been the same points of the outer surface ? 
Has the outer surface itself undergone considerable distortion, other than 
the recognized displacements involved in mountain formation and other 
geological processes ? 


15:81. The answer to the first question is definitely ‘Yes.’ The theory 
of tidal friction expounded in Chapter XIV is a simplified one, and assumes 
the equator and the planes of the earth’s and moon’s orbits to coincide. 
The fact that they do not introduces several additional tides depending 
on the inclinations and eccentricities of the orbits, and all these are affected 
by friction. The investigation of their effects formed the subject matter 
of most of the second volume of Darwin’s Scientific Papers, and he was 
able to show how they could have brought the system to its present state 
from an initial one with the earth and moon close together, the moon’s 
orbit nearly circular, and in the plane of the equator, and the equator at 
any rate much less inclined to that of the ecliptic than it is now. But he 
was using the hypothesis that the tidal friction is bodily, and it is not yet 
known how far his results would be altered if dissipation in strong tidal 
currents in shallow seas is the dominating type. Even the direction of 
the changes is somewhat in doubt, though the problem is probably capable 
of a definite solution. 

In any case the effects of tidal friction on the inclinations must be 
slow and have acted in the same direction through most of the time con- 
cerned. In addition there are various periodic effects arising from astrono- 
mical causes, but al! of these are small and have short periods, judged by 
geological standards. A further influence arises from internal changes in 
the earth, but is not important. If we consider the axis of the earth’s 
angular momentum, this can change in direction only through couples 
acting on the earth from outside. Apart from the tidal effect, the only 
couples concerned are due to the attractions of the sun and moon on the 
equatorial protuberance. Their main effect is the precession of the equi- 


* Proc. Nat. Acad. Sci. 18, 1927, 535-540. 
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noxes, a motion of the axis of spin in a circular cone about the pole of the 
ecliptic; the associated changes in the inclination are small and have short 
periods. The inclination of the axis of the earth’s angular momentum to 
the plane of the orbit can have changed appreciably only through tidal 
friction. Further, the difference between the axis of angular momentum 
and the axis of rotation is very small, depending only on the actual angular 
momentum of the horizontal movements in progress at any time, and on 
the variation of latitude*. 


15-82. The other two questions do not concern the movement of the 
earth as a whole, but only the displacements of parts of it relative to one 
another. They depend on a discussion of what forces exist and what dis- 
placements they are capable of producing. The chief of these deforming 
forces are the equatorial attraction, tidal friction, the attraction between 
continents, and perhaps an internal stress incidental to the precession of the 
equinoxes. The magnitude of the first is, we have seen, of order 4000 
dynes/cm.? Tidal currents at their strongest give a bottom drag of the 
order of 40 dynes/cm.?; but this is abnormal and is reversed in 
direction in every tide where it does occur. The mean secular tidal friction 
producing the slowing down of the earth’s rotation corresponds to a 
westward stress of the order of only 10-* dynes/cm.? over the earth’s 
surface. The attraction between continents may, we have seen, give stresses 
of the order of 10-2 dynes/cm.? The stress in precession that makes the 
whole of the earth precess at the same rate, instead of different shells 
precessing at different rates, is at most of order 60 dynes/cm.?, and this 
must be mainly alternating in direction. The chief of these factors is 
definitely the equatorial attraction. Now a horizontal stress of 
4000 dynes/cm.? over a circular continent of radius 2000 km. would give 
a total force of 40007 (2 x 10%)? dynes. This is resisted by the strength of 
the lithosphere, say 40 km. thick. An average stress of 10° dynes/em.? around 
a cylinder of radius 2000 km. through the lithosphere would suffice to prevent 
all movement. The strength at the surface is of order 10° dynes/cm.?, and the 
support of the great mountains seems to point to greater strengths lower 
down. There is therefore not the slightest reason to believe that bodily 
displacements of continents through the lithosphere are possible. 

Even the strength of the order of 10’ dynes/cm.? inferred for the 
asthenosphere, on several grounds, would be enough-to prevent permanent 
distortion by forces of the magnitude suggested; and it may be well to 
recall the evidence of the moon’s ellipticity that this strength is applicable 
to stresses lasting for intervals of the order of the whole age of the earth. 

To adopt the view that the earth’s crust has no strength under stresses 
of long duration, in spite of the absence of theoretical justification for such 
a view and the definite evidence against it, makes it possible to account 


* A full discussion is given in Darwin’s Papers, 3, 1-46. 
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for some continental displacement, but not much. In this case the de- 
forming stresses produce motion, resisted by the viscosity of the material 
undergoing deformation. We have seen that an ordinary viscosity () of 
3 x10” ¢.g.s. is a lower limit to the viscosity of the intermediate layer 
under the stresses due to the weight of mountains. Under smaller stresses 
the viscosity may be higher. With this viscosity and a shearing stress of 
10° dynes/cm.? the rate of shear would be 3 x 10-18/sec., and notable 
distortion would be produced in 3 x 10!” sec. or 10! years. But in the 
upper layer the viscosity is certainly much higher. The estimate just used 
is such as to permit a mountain chain to be flattened in 107 years. The 
actual time is perhaps 30 times as long. Further, the estimate refers to 
the intermediate layer; if the granitic layer had a similar viscosity the old 
mountain ranges would not be still standing. Thus the actual ‘time needed 
to distort the outer crust is much more than 10” years, and a large multiple 
of the time available. The question concerning the possibility of con- 
siderable distortion of the outer crust during geological time must therefore 
be answered in the negative. 


15-83. Displacements of the outer crust bodily over the interior would 
involve no distortion of the outer crust except the small up and down ones 
rendered necessary by the ellipticity of figure. The elasticity and viscosity 
of the lithosphere would not resist this process. Now the variation of 
latitude shows that the viscosity of the rocky shell in general exceeds 
5 x 10% c¢.g.s. A shearing stress of 4000 dynes/cm.? over the surface would 
produce shear at a rate 0-8 x 10-1’/sec., and the crust would be displaced 
through a radian in a time of the order of 10!” sec. or 3000 million years. 
But this rate must be reduced to allow for the fact that this is the equa- 
torial drift; the continents cannot move independently, but can only turn 
the crust as a whole so as to bring the greatest projections over the equator, 
so that the stress is resisted by the viscosity of the whole interior and not 
merely by the parts immediately under the main continents. It seems 
unlikely that this cause can have turned the crust by more than 5° during 
geological time. 


15-84. The answers to our questions seem to be, therefore, as follows. 
A slow secular change of the inclination of the earth’s axis to the ecliptic 
during geological time is to be expected; the change has probably been on 
the whole an increase, but this is not quite certain. Secular drift of con- 
tinents relative to the rest of the crust, such as have been maintained by 
A. Wegener and others, are out of the question. A small drift of the crust 
as a whole over the interior is not impossible; it would be shown as a 
displacement of the poles relative to the earth’s surface, but the maximum 
amount seems too small to be of much interest. 


15-85. Vertical movements of the land surface, apart from mountain 
formation, are to be expected on several grounds. In a perfectly sym- 
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metrical earth the stresses developed in the intervals between epochs of 
mountain formation would not disturb symmetry, but in the actual earth 
the differences of structure from place to place, and especially the difference 
between continents and oceans, must make the purely elastic yielding 
asymmetrical, with the development of vertical movements of large hori- 
zontal extent. The same applies to the intermittent adjustment of the 
ellipticity to the value appropriate to the varying speed of rotation. 

Land bridges connecting different continents have been proposed at 
intervals by geologists, largely to provide routes of migration for animals 
and plants. Their popularity appears to have diminished in recent years, 
in view of the alleged explanations of the same phenomena by the theory 
of continental drift. If ever there was a migration from the frying-pan 
into the fire it is this. The main objection to the theory of former land 
bridges, which have sunk below the sea, is an apparent conflict with 
isostasy, which would be serious if we were restricted to two materials 
each capable of only one physical state, for then the quantity of the 
lighter material per unit area would definitely determine the elevation of 
the land surface, and serious change in the height of the land on a 
continental scale would be very difficult to explain. But when we have 
three materials, probably each capable of a vitreous state and at least 
one crystalline one, the question is on a very different footing*. If for 
instance 20 km. of tachylyte crystallized to eclogite a depression of level 
of 3-6 km. without departure from isostasy would be the result; this is 
enough to account for the foundering of any land bridge that has been 
suggested. (It may be recalled that there is no seismological evidence of 
the existence of dolerite or gabbro as such within the crust.) In addition 
change of state in the lower layer seems to admit a great variety of hypo- 
theses. But I do not actively advocate any of them, because I am not 
yet convinced of the cogency of the palaeontological evidence. All that 
is necessary to establish flora and fauna of similar character in two regions of 
similar climate and soil is a single migration. The speed of an average ocean 
current is about 1 knot, which would take a given floating object across 
the South Atlantic in a few months. The species concerned are plants and 
low animals, and it seems far from impossible that spores, seeds, or eggs 
could have drifted across on floating refuse. Such an occurrence would 
doubtless be rare, but as it would explain the phenomena without needing 
to happen more than a few times its rarity is no objection. 

The depression of the crust by the weight of sediments is of some 
interest. If the sediments are deposited on land and have density 2-3, 
the effect of outflow of matter of density 3-3 below is to lower the surface 
by 0-70 km. for each kilometre of material added, leaving the actual surface 


* It is for this reason that I think Suess’s names ‘Sal’ (modified to ‘Sial’ by later 
writers) and ‘Sima’ have now outlived their usefulness. 
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raised by 0-3 km. Thus 3-3 km. of sediments could be deposited in a valley 
a kilometre deep before it was filled up. 

If sediments of density p, are deposited from water of density p,, and 
k is the depth of the sediment, x the depression of the original surface, and 
Po the density in the lower layer, the mass per unit area is increased by 

pik — (k — 2) pe — pox, 
and the condition for compensation is that this shall vanish. Hence 
io = Go Pa (% — 2g). 
(Ay Pt 

But k — a is the reduction in the depth of the water, and therefore this 
equation gives the depth of sediments capable of being deposited in water 
of given depth. With our previous values, and p, = 1, the coefficient is 2-3; 
thus 2-3 km. of sediments can be deposited in water originally of depth 
1 km.* This estimate may be too high if the deposition is over a small 
area, on account of the regional character of the compensation. 


15-9. Summary. The effect of denudation on a newly formed mountain 
range, combined with compensation, is to raise the mountain tops at the 
expense of the valleys. Allowing for this, we can make an estimate of the 
crustal thickening, and hence of the amount of compression involved in 
the formation of the range. The amount found is comparable with that 
measured in the field, but in some cases, notably the Alps, is appreciably 
less, and suggests strongly that part of the compression indicated by the 
observed folding is only apparent and not due to crustal shortening. The 
compression predicted by the thermal contraction theory is of the right 
order of magnitude, so that thermal contraction is in any case a major 
cause of mountain formation, and is presumably the chief cause until some 
other is produced. The formation of the Pacific type of mountains, and 
the long intervals of quiescence, are natural consequences of the theory. 
Some alleged objections to the theory are discussed. 

The lowering of old mountain ranges to moderate height or even to 
base level by denudation is shown to lead to other consequences dis- 
agreeing with observation unless we assume that squeezing out of the 
intermediate layer under the weight of the mountains plays an important 
part in lowering them. Estimates of the viscosity within the crust, based 
on the time scale in the evolution of a mountain range, are derived. 

Igneous activity is discussed with reference to the influence of excess 
radioactivity and of chemically active volatile constituents. The origin 
of the moon’s surface features and of the continents are considered; also 
the question of the permanence of the continents and of the inclination 
of the earth’s axis to the ecliptic. 


* A. Morley Davies, Geol. Mag. 1918, 125 and 233; E. M. Anderson, ibed. 192. 
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APPENDIX A 
The Planetesimal Hypothesis 


“The man who makes no mistakes does not usually make anything.” 
Epwarpb J. PHELPS. 


A-1. The Planetesimal Hypothesis was historically the parent of the 
Tidal Theory of the Origin of the Solar System, elaborated in Chapter IT. 
It was invented by T. C. Chamberlin and F. R. Moulton in the early years 
of the present century, and detailed accounts of it may be found in Cham- 
berlin and Salisbury’s Textbook of Geology, Moulton’s Introduction to 
Astronomy, and Chamberlin’s The Origin of the Earth. Like the theory 
here adopted, it supposes the sun to have been broken up by a passing 
star, and there is a general resemblance between the modes of formation 
and rupture of the filament on the two theories. The authors of the 
Planetesimal Theory suppose that two filaments were formed, projecting 
from the sun at diametrically opposite points. Jeans has shown that it 
is possible that only one filament was formed; the theory here developed 
works just as well with only one, and it has been suggested that it is 
possible that the shorter was wholly reabsorbed into the sun, even if it 
was ever formed. At this stage, however, the differences between the 
theories begin to become serious. The authors of the Planetesimal Theory 
believe that the planets would cool principally by adiabatic expansion, 
whereas it is shown here that at any rate the larger ones would cool 
principally by radiation from the surface. They assert further that all 
the planets, large and small, would form liquid drops at once, that these 
would quickly solidify, and that the planets formed by the aggregation 
of the solid particles would be themselves solid from the start. It has 
been shown in Chapter II that, in whatever way the planets cooled, they 
would always pass through a liquid stage. 


A-11. Impossibility of Great Accretion. Perhaps the most serious diver- 
gence between the two theories is, however, in the nature of the postulated 
resisting medium. In the present work it is supposed to be a gas, probably 
consisting chiefly of hydrogen; in the Planetesimal Hypothesis it is supposed 
to be composed of particles that solidified during the condensation of the 
planets, but acquired velocities so great that gravity could not retain them. 
These would then revolve around the sun as independent bodies; they are 
the ‘planetesimals’ that give the theory its name. It is supposed that 
they were afterwards largely swept up by the planets, and that their 
effect was to reduce the eccentricities of the planetary orbits to their 
present values. Now it is possible, and indeed almost certain, that many 
such small solid particles were actually set in motion during the cooling 
of the primitive planets, but there is a grave objection to supposing that 
they can have had any important effect on the orbits of the planets. Their 
orbits, like those of the planets, must have been initially highly eccentric. 
The gravitation of the planets would make their apsidal lines rotate in at 
most some thousands of years, and thus, even though they might be 
moving without collisions initially, they would, in a short time cosmo- 
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gonically, reach a state such that any region large enough to contain 
a moderate number of them would contain nearly equal numbers moving 
inwards and outwards with velocities comparable with the velocity of 
a planet moving in a circular orbit in the same neighbourhood. Now if two 
solid bodies moving with such velocities collided, they would certainly be 
volatilized. Meteors, for instance, are volatilized when they enter the 
earth’s atmosphere with such velocities, even in spite of the opportunity 
for loss of heat by convection and radiation during the several seconds 
the flight lasts. In the absence of air, the impacts of the bare surfaces 
would ensure that the whole of the energy loss on account of the imper- 
fection of restitution would be liberated instantly, and thus, still more 
than in the case of meteors in the atmosphere, volatilization would ensue. 

If now we suppose the planetesimals to be spheres, of radius c, the 
probability of any particular planetesimal striking another body, of radius 
a, is, for the same relative velocity, proportional to the square of the sum 
of the radii. Thus the probability of a planetesimal hitting any other 
particular planetesimal is to the probability of its hitting a planet of 
radius a in the ratio 4c?/(a + c)? or practically 4c?/a?; and if we add up 
the probabilities for all planetesimals, the probability of a particular 
planetesimal hitting any other planetesimal in general is to that of its 
hitting a planet in the ratio of four times the surface of all the planetesimals 
to the surface of the planet. It can easily be seen that this result is still 
correct as regards order of magnitude when the planetesimals are no longer 
supposed spherical. The condition that more planetesimals were swept up 
by the planets than were volatilized is therefore that the total surface of 
the planetesimals was much less than that of the planets. 

Now let us consider the effect of accretion on a planet moving in an 
eccentric orbit. When such a planet is near aphelion its velocity is less 
than that corresponding to a circular orbit at the same distance, while 
when it is near perihelion its velocity is greater than that for a circular 
orbit. If we suppose for the moment that the planetesimals were moving 
in circular orbits, the planet would therefore overtake them when near 
perihelion, and be overtaken by them when near aphelion. Now we know 
from the theory of impact that whenever two bodies unite into one the 
velocity of the combined body is between those of the original ones. Thus 
the difference between the velocities of the body and of the planetesimals 
in its neighbourhood would be diminished by every impact, and therefore 
its orbit would gradually become more nearly circular, just as in the case 
of a gaseous resisting medium. If we allow for the fact that the plane- 
tesimals were moving in highly eccentric orbits like those of the planets, 
the effect would be more marked, for a planet would pick up more particles 
it met than it overtook. We can therefore agree that the eccentricity 
would decrease. The authors of the Planetesimal Hypothesis say that the 
eccentricities would be reduced in this way to a fraction of their original 
values, and that the nearly circular orbits of the planets are explained. 
The explanation is, however, insufficient. If a planet picked up a plane- 
tesimal of its own mass, moving in a circular orbit, the difference between 
its velocity and that of a body describing a circular orbit would only be 
halved, and it is not difficult to show that the finely divided condition of 
the matter picked up does not alter this conclusion. Hence to produce a 
considerable reduction in the eccentricities of the planetary orbits the 
total mass of the planetesimals picked up must have been comparable with 
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the masses of the planets themselves*. But the more finely divided the 
matter the greater would its surface be, and therefore the total surface of 
the planetesimals must have exceeded many times that of the planets. 
This result, by the last paragraph, shows that collisions between plane- 
tesimals must have been enormously more frequent than those between 
planets, and therefore the planetesimals must have been volatilized by 
collisions among themselves before they had time to affect the eccentricities 
of the planetary orbits appreciably. Thus the reduction of the eccentricities 
of the orbits of the planets by accretion is impossible. 


A-12. This discussion has constructive value, in that it shows that 
the masses of the planets cannot have increased by any considerable 
fractions of themselves since they were formed. Thus all the meteors 
picked up cannot have had much effect on the earth’s size or on its orbit. 
The solid particles that left the planets in their early history may have 
collided and volatilized one another; in that case they would have been 
added to the gaseous resisting medium, and may in that form have had 
some cosmogonical importance. 


A:2. Possible Compression. 'Though the impact of solid planetesimals 
on the surfaces of the planets cannot have had much effect on the masses 
and motions of the planets, it is as well to examine other arguments that 
have been advanced against the theory of the former fluidity of the earth 
and in favour of the view of Chamberlin that the earth has always been 
solid. In the first place, Chamberlin has accepted the opinion of Osmond 
Fisher that thermal contraction is insufficient to account for mountain 
building, and in place of it has suggested that accretion would give the 
requisite compression. Matter deposited on the surface of the earth would 
compress the interior, and in consequence of this contraction the interior 
would be too small for the exterior and would produce crumpling. In this 
way a linear crumpling comparable with the radius of the earth itself could, 
according to Chamberlin, be produced. It will be seen, however, that this 
could be true only if the earth’s radius had been increased by accretion 
by a large fraction of itself, which has just been seen to be impossible. 
Further, the compression would be a slow process. The matter deposited 
on the surface would necessarily be in a fragmentary condition. It could 
only begin to be consolidated by pressure when it had been buried to such 
a depth that the pressure was sufficient to cause plastic deformation. Then 
gradual flow would commence, accompanied by reduction of volume. 
Meanwhile the matter above it, being under less pressure, has not begun 
to be consolidated. Contraction below therefore produces no crumpling; the 
fragments merely roll and slide over each other. Thus on the planetesimal 
theory there could at no stage be crumpling at the surface till accretion had 
ceased. Afterwards crumpling could arise only through internal cooling, 
which would necessarily be less than was possible in a fluid earth, and 
through the continuance of the consolidation of the interior. Now plastic 
flow once started in any region would continue until adjustment was com- 
plete, and would for ordinary substances be rapid in comparison with 
the slow process of accretion. Thus at most a few kilometres in depth 
would be capable of flow under the actual pressures existing, without 
having already adjusted themselves completely before the end of accretion. 


* M.N.R.AN. 77, 1916, 84-112. 
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Consolidation could accordingly contribute at most only a few kilometres 
to the available compression at the surface. The Planetesimal theory 
is therefore able to explain less mountain building than the fluid earth 
theory. 


A-:3. The History of the Atmosphere. It has also been argued that a fluid 
earth could not have retained any atmosphere, and especially water vapour. 
This argument is capable of two independent replies: first, that the earth 
could have retained its water vapour, and second, that even if it had 
lost its whole atmosphere it could have produced a new one. It is seen 
that Chamberlin’s argument supposes that if the earth’s surface reached a 
temperature of 1500° A. most of the gases of the atmosphere would depart 
from the influence of its gravitation. If C is the mean square velocity in 
a gas, Jeans has shown that half the gas would be lost in 2 x 10° years if 
C was as high as 2-5 km./sec. For hydrogen (H,) at 280° A., Cis 1-9 km./sec. 
Thus hydrogen could certainly be retained at ordinary temperatures for 
a longer time than has been considered could have elapsed between the 
formation of the earth and the cooling of its surface. Now C is proportional 


to m2 V2, where m is the molecular weight and V the absolute temperature. 
For water vapour at 1500°, C’ would therefore be only 1-47 km./sec.; thus 
water vapour could be easily retained for the time required. Still more so 
oxygen and nitrogen would be retained. If the earth was primitively dis- 
tended, water vapour could still be retained when the radius was three 
times as great as at present, since the critical velocity is proportional to 
the reciprocal of the square root of the radius. There is therefore no 
insuperable obstacle to the retention of water vapour and all heavier 
constituents of the atmosphere when the earth was fluid. 


A-31. It is possible, however, that very little of the atmosphere is 
primitive. We know that hydrogen, water vapour, carbon dioxide, and 
nitrogen are being continually evolved from volcanoes, and it is possible 
that most of the atmosphere has been produced from this source since 
solidification. This requires all our water to have been within the earth 
initially. A few years ago the idea of water at 1500° mixed with siliceous 
constituents would have seemed ridiculous, but it is now known that at 
high temperatures and pressures water and rocks actually mix freely in 
all proportions. Thus it is probable that all the water in the primitive 
atmosphere was absorbed by the rocks and has only been given off again 
since solidification*. It was for a long time considered difficult to explain 
how igneous rocks came to contain water of crystallization, but this 
problem may now be regarded as solved. 

Oxygen is not produced to any appreciable extent by volcanoes, but 
carbon dioxide is, and it is possible that all the oxygen in the atmosphere 
has been formed from carbon dioxide by the action of plants. There is 
a difficulty in this suggestion, though perhaps not an insuperable one. 
Ordinary carbon assimilation, by means of chlorophyll, is characteristic 
of the higher plants. The lower plants absorb oxygen and expire carbon 
dioxide like animals; so do even the green plants when in the dark. Thus 
it is not easy to see how the conversion of carbon dioxide into oxygen 
could have commenced until plant life had reached a fairly advanced 
stage in evolution, and until that stage was reached the plants must have 


* J, W. Evans, Observatory, 42, 1919, 165-167. 
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lacked the oxygen they needed. If this objection is valid the oxygen in 
the atmosphere, or at any rate some of it, must be primitive. Some plants, 
such as the nitrifying bacteria, use chemical instead of radiative energy 
to decompose CO,, but even they require oxygen initially*. This ‘chemo- 
synthesis’ suggests a solution, but does not complete it. 

Hydrogen is produced in quite sufficient quantities to account for the 
trace of it present in the atmosphere; most of it combines soon with 
oxygen. Helium is produced by radioactivity. The difficulty in this case 
is to understand why so little of it is present in the atmosphere. With 
the data of Chapter VIII we can show that average acid rock produces 
helium at the rate of 1-7 x 10-!c.c. of helium per gram of rock per year. 
The helium at the earth’s surface is responsible for about 1/250,000 of 
the atmospheric pressure; thus if all the helium in the atmosphere were 
under ordinary atmospheric pressure it would make a layer over the 
surface 3-2cm. thick. If now 1000 ¢c.c. of acid rock were denuded from 
each square centimetre of the earth’s surface, and all their helium trans- 
ferred to the atmosphere, they would give 5 x 10-° c.c. helium per cm.? 
of the surface for each year of the interval between the formation of the 
rock and its denudation. If then the average age of igneous rocks when 
denuded was 160 million years, all the helium of the atmosphere would 
be explained if the average thickness of igneous rocks denuded from the 
earth’s surface was 40 metres. This is an impossibly small amount. It 
could be increased if a large fraction of the helium in rocks is retained in 
the sedimentary rocks formed from them, but it appears unlikely that 
this fraction exceeds 4, and thus the depth can only be doubled. No 
satisfactory explanation of why the atmosphere contains so little helium 
has yet been offeredT. 

On the theory of the former fluidity of the earth it is therefore possible 
to account for the gases of the atmosphere. On Chamberlin’s theory, 
however, it is not possible to account for the existence of the atmosphere. 
The small gravitative power of his small earth nucleus would have made 
it unable to retain permanent gases during its aggregation, and any gases 
or water absorbed in it could never have got out again, since it was by 
hypothesis buried below some thousands of kilometres of planetesimals. 
The atmosphere must then have been brought by the planetesimals. But 
the planetesimals, like modern meteorites, must have been completely 
arid and atmosphereless. Thus, as in the previous case, Chamberlin’s 
arguments are more injurious to his own theory than to the one he is 
attacking. 


A-4. The Primitive Crust. It has been suggested that the primitive 
crust of a formerly solid earth should be in a characteristic condition, and 
might be geologically recognizable. No trace of the primitive crust has 
been found, and some geologists have made this fact the basis of an attack 
on the theory of the former fluidity of the earth. In view, however, of 


* Pfeffer, Physiology of Plants, 1, 1900, 361-363. 

+ I believe that the first edition of this book contained the first publication of this 
point. It should be stated that Holmes alluded to it in a letter to me in 1917, and that 
Prof. F. A. Lindemann mentioned it at the meeting of the Royal Society in 1921, when 
Prof. H. N. Russell’s paper was read (cf. p. 72). The recent work of Lindemann and 
Dobson, indicating a rise of temperature with height to at least 300° A., may help to enable 
the excess of helium to escape and thereby provide a solution. 
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the extent of denudation and redeposition that we know to have occurred, 
there would be no cause for surprise if the whole of the primitive crust 
should have been removed or buried. The argument, so far as it has any 
validity, is, of course, equally applicable against the planetesimal theory, 
for planetesimal matter unaltered since deposition would also be in an 
easily recognizable condition, and has not been identified. 


A‘5. The Land and Water Hemispheres. A further argument has been 
based on the existence of the land and water hemispheres. One of the 
outstanding problems of geophysics is the mechanism that produced the 
marked asymmetry of the distribution of land and sea. Some possible 
explanations of this have been discussed in 15-7. It has been suggested 
that the phenomenon is explicable on the planetesimal theory. More 
planetesimals might have fallen on one side of the earth than on the other, 
and thus have produced the observed inequality. The probability of such 
a hypothesis is, however, inappreciable. 

Let the radius of the earth be a, and consider the probability of any 
planetesimal falling in a range of longitude 27a of the surface. This pro- 
bability is evidently a; for on account of the rotation of the earth, all 
meridians are equally frequently presented to the planetesimals, in what- 
ever direction they may approach. Suppose then that n planetesimals 
fall altogether. The prior probability that m of them fall within the sector 
27a, the fall of each being unaffected by those that have fallen already, is 

"Og (he apr (ay at OF) ae (1); 
where ”C,, denotes the number of combinations of » things taken m at 
a time. Let us denote this probability by P. This is a maximum if 
m/n = a. Thus a uniform distribution in longitude is the most probable. 
Let us now investigate the probability of a departure from the uniform 
distribution by a given amount. Put 

Mtoe ee (2), 


where € is small and n&? moderate. Then we may approximate by Stirling’s 
formula 


logn!~—n+(n+4)logn+4log27 ......... (3), 
and obtain, when 7 is large and neither a nor 1 — «@ very small, 
n€* 


oe Saint 1 Ai Reo Saar es pase rr (4) 


+ terms of order € and €?. 


Now if we consider the range between n (a + €) and n (a + € + dé), where 


dé is small compared with 3, the number of possible values of m in this 
range is clearly ndé. Thus the probability that m lies in this range is 


n 2 
—né2/2a (1—a) 
o al at e 1) ES wale Vin Pisa (5). 
The probability that m exceeds n (a + &) is therefore 


n + 
= —né2/2a (1—a 
Q leat = = iP si aA 


= {1 _ Erté ca—a) | ere (6). 
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Now when the argument is great, an approximation to Erf x is given by 
the formula 


1— Ext = Pee fone (7), 
so that Oe (oat ent ai AUN ie (8). 
TT 


In our problem n is the total number of planetesimals picked up by the 
earth. If then 6 is the radius of a planetesimal, and if the radius of the 
earth has increased by accretion by } of its original value, we have 


nm = a® {1 — (4)8}/08 = 0:ba2/b* nearly «wees ee (9). 


The Pacific Ocean is, on an average, about four kilometres deep, and covers 
about half the earth. Thus if we consider the probability of getting such 
a depth by accident, as has been suggested, we take a = 4 and € = y)55- 
Thus 


O= ( a )* 2000¢-a7810" (10) 
Fgh) ete Ie stettenee , 
Evidently the smaller the planetesimals the smaller is the probability of 
the hypothesis. We can hardly suppose the planetesimal to have a larger 
radius than a kilometre, in which case a/b = 6000. Then 


= l —50,000 
Q = SHG ee le PON GSO laieeetee (11), 

which is utterly insignificant. Thus the formation of the land and water 
hemispheres in the process of accretion is practically impossible. 

Chamberlin suggests in The Origin of the Earth that denudation during 
growth would increase the asymmetry, even though this might be originally 
insignificant. This does not, however, appear likely. If an ocean formed 
early on a nearly spherical nucleus, as he suggests, it would submerge any 
small inequality that might arise, and the only denudation possible would 
be the insignificant amount that goes on at the ocean bottom. This hypo- 
thesis does not therefore appear to solve any difficulty presented by the 
fluid earth theory. 


A-6. I believe, therefore, that the Planetesimal Hypothesis does not 
offer a solution of any of the great outstanding problems of geophysics, 
and that on cosmogonical grounds it is quite unacceptable. It has, how- 
ever, been of considerable value in the past in suggesting new lines of 
attack on our problems, and the tidal theory here adopted arose as a 
modification of the Planetesimal Hypothesis designed to avoid the objec- 
tions that appeared fatal to it in its original form. To reject this hypothesis 
now is not to deny its importance in the history of cosmogony and 
geophysics. 


APPENDIX B 
Jeans’s Theory 


“Tt is an old maxim of mine that when you have excluded the impossible, 
whatever remains, however improbable, must be the truth.” 
A. Conan Dovus, The Adventures of Sherlock Holmes. 


B-1. The chief point of difference between the theory of Chapters IT, 
III and IV and that of Jeans* is that whereas I suppose the primitive 
sun at the time of the disruption to have had approximately its present 
size, he supposed it to have been distended so as to include the orbit 
of Neptune. There are several serious objections to such a distension of the 
sun. We cannot assume the sun to have been much more massive than it is 
now, and the astrophysical evidence against so small a star having such 
a distension and a temperature consistent with the gaseous state is over- 
whelming. Also planets produced at distances from the sun greater than 
the present distance of Neptune would have had to be brought in by some 
means. The only agent available for this purpose appears to be a resisting 
medium. It has been shown in 4-2 that a resisting medium, the motion 
at any point of which was not sensibly different from that of a planet in 
a circular orbit at the same point, could have no effect on the mean 
distance of a planet; and that a medium for which this difference was 
considerable would have too small a density at such a distance to produce 
any appreciable frictional effect on a planet. Thus in neither case could 
the mean distances be affected appreciably by a resisting medium. 


B-2. Prior Probability of a Disruptive Encounter. Jeans’s reason for 
adopting such a distension was based on the belief that the prior proba- 
bility of any encounter close enough to break up the sun when less 
distended is so small as to forbid it. This, however, does not seem to 
be the case. Jeans estimated in 1919 that in the present universe the 
average interval between encounters at a distance less than 1-3 x 10% cm. 
is about 3 x 10° years. Thus the probability that in any one year any 
particular star that we have no other data about will have an encounter 
at this distance or less is 1/(3 x 101°). This probability is proportional to 
the square of the distance of approach; therefore the probability that any 
one star would have one at a distance of 10" cm. is 1/(5 x 1018). Hence 
the probability that any particular star would have an encounter within 
the latter distance in 10" years, a time probably short compared with the 
age of the sun, is 1 — {1 — 1/(5 x 1038)} = 1/(5 x 107), and the proba- 
bility that one star in the whole universe, containing perhaps 10° stars, 
would have an encounter at this distance, is 1 — {1 — 1/(5 x 107)! or 
practically unity. Thus it is practically certain that at least one star in 
the universe has had an encounter at the distance here assumed, and our 
only datum in the matter is that there is at least one solar system. Thus 


* The opinion of Jeans referred to here was expressed in his Problems of Cosmogony, 
1919. He has since accepted my view (Astronomy and Cosmogony, 1928), but his earlier 
arguments are worth discussing irrespective of whether he is still convinced by them. 
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the hypothesis that the diameter of the sun at the encounter was com- 
parable with its present one is consistent with knowledge of stellar motions. 
It is, however, probable that systems of the type of the solar system are 
the exception in the universe and not the rule. 


B-21. It may be remarked that the tidal theory of the origin of the 
solar system might have a considerable probability on the evidence before 
us, even if stellar encounters were much less frequent than has been 
inferred from the present condition of the stellar system. For, in the 
notation used by Dr Wrinch and myself*, let h denote the aggregate of 
propositions believed independently of experience, and let P (p: qh) de- 
note the probability that a proposition p is true, given that h and another 
proposition or set of propositions g are true. Let ~ p denote the proposition 
that p is untrue, and pq the proposition that » and q are both true. Let 
the empirical data of physics, not including the existence of the solar 
system, be denoted by k, and let the proposition that the solar system 
exists be denoted by m. The laws of physics, which we may denote by lJ, 
have a high probability on the data k, so that 

P(l:kh)=1—a4 
where a is very small. 

The arguments for the tidal theory fall into two groups. First, it is 
shown that, given our physical laws among the data, no theory other than 
a tidal one can account for the solar system as it is. If then ¢ denotes 
the proposition that the initial conditions required by the tidal theory once 
existed, this result may be expressed by 


PEC etl ae? Bow ters ae”. NO eevee (2), 
where f is very small. It would be zero if the proof possessed strict mathe- 
matical accuracy, and the proof available is enough to show that 6 must 
be exceedingly small. 

Next, it is shown that the tidal theory is capable of explaining the 
main features of our system, given suitable initial conditions. Thus 


UPR LLCs ieee ie bea | Bi Ae ca (3), 


where y is certainly not small and may be nearly unity. 
Now we have the general propositions of the theory of probability 


Pp hyo £ (pega) = Paper hy | Wececscses (4), 
Te ei) =n Pp Py PG ph) 2 reer (5). 
Then P(m:kh) =P (mit: kh)+ P(ml.~t:kh)+ P(m.~1: kh) 
= P (lb: kh) P (¢: lkh) P (m : tlkh) 
+ P(l: kh) P(~t:lkh) P (m: ~t.lkh) 
ee owl eh) (ew LRN) | a cas ent (6). 
Let us write PEM) =m, 
P(m: ~l.kh) = 6. 
Then (6) becomes 
P (m:kh)= (1 — a) {fry + (l—7) PB} +08 an... (7). 
Again, P (mlt : kh) = (1 — a) ty, 


* Phil. Mag. 38, 1919, 717-731. 
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being the first term in (6), and also 
=P (mT Ry PU Sky Oe esentee (8). 
Combining (7) and (8), we have 


2 (1 — a@) ry 
P (lt: mkh) Coney ae ae (9). 

Now 5, being a probability number, is necessarily not greater than 1, and 
a and B are exceedingly small. Thus the expression on the right will be 
practically unity unless vy is so small as to be comparable with either 
a or B. Omitting this alternative for a moment, we see that P (It : mkh) 
is practically unity. In other words, given the empirical data of physics 
and the existence of the solar system as it is, it is practically certain both 
that the laws of physics used in the argument are true and that the initial 
conditions required by the tidal theory once occurred; and therefore that 
the tidal theory is true. 

This argument would break down if ry was very small. We have seen 
in B-2 that 7 is probably nearly unity, and that y is moderate, and therefore 
there is no question of its failure with the data here used. For failure it 
would be necessary for vy to be less than one of the two quantities a and f. 
In other words, the probability of there having ever been, during the life 
of a single star in the universe, an encounter at a distance less than 
1011cm., must be less than either the probability of a fallacy in the 
argument against the possibility of the formation of the solar system by 
purely internal action, or the probability that the laws of physics are 
wrong. This gives a conception of the strength of the position of the tidal 
theory. If f is the greatest of the quantities ty, a and B, P (m: kh) will 
be practically 


(l—a)(l—7)B =P (ml.~t: kh) 
= P(m:kh) P (l.~t: mkh), 
and therefore P (l.~t:mkh) will be practically unity. Thus it will be 
practically certain that the solar system was formed by some non-tidal 
action and that the laws of motion are right. If, again, a is the greatest, 
it will follow that the laws of motion are probably wrong. Thus we see 
that the extreme smallness of y7, besides forcing us to reject the tidal 
theory, would make other much more bizarre inferences necessary. 


APPENDIX C 
The Relation of Mathematical Physics to Geology 


“Tf you make some compliments to a man about that which he knows he does 
well, that is no good. But if you praise him for what he do pretty dambad, then 
you give him a great pleasure. Suppose you go to a painter and say to him: 
“Your painting is exquisite. Your pictures are of a sublimity.’ Well, you do 
yourself no good. He laugh and change the subject. But if you go to that same 
painter and say: ‘But what a ravishing voice! Why are you not in Grand Opera?’ 
...then you may perhaps borrow half-a-crown till next Thursday.” 

Barry Patn, Confessions of Alphonse. 


C:1. Geophysics is by nature a subject that draws its data from many 
widely different sources: pure geology, astronomy, seismology, geodesy, 
and the investigation of the earth’s thermal state being among the chief. 
Its task is to coordinate the information provided by them, and its 
methods are those of theoretical physics. 

It is often found that the results of one method of inquiry afford useful 
information in another field; and so far as I know there is no case where 
there is an unequivocal contradiction between two sets of data relevant 
to the same point. If we believe in a principle of causality we shall expect 
this; if we are merely hopeful of the utility of scientific method we shall 
welcome it. But investigators are liable to have very different opinions 
as to where their data end and where inference from them begins, and it 
often happens that the superstructure erected on one set of data contains 
a hypothetical portion capable of being adequately tested only by informa- 
tion collected in an entirely different field. The development of geophysics 
and of the associated sciences is therefore essentially a matter of coopera- 
tion between workers whose methods are different; and it is essentially 
difficult on account of their differences in training and resulting outlook. 
Nevertheless the progress of science demands that it should be attempted. 

It must be confessed that this necessity is far from being adequately 
realized. A widespread attitude is expressed in the following remarks, 
which are slightly condensed from those of a well-known geologist. “It 
must be said that Wegener is not convincing as to the earth forces available 
for the production of these mighty mass movements. Jeffreys, indeed, 
has stated that the known forces tending to move the continents are 
1014 times too small! But geologists will have Huxley’s mathematical 
mill too much in mind to pay much heed to this latest physico-mathe- 
matical opinion on a geological problem; and if adequate geological proof 
of continental drift is forthcoming, geologists will believe it despite any 
assertion of its physical or mathematical impossibility.” I do not in the 
least believe that the author of this very clear statement intended to order 
anybody that knows any mathematics or physics to get off the earth; 
but nevertheless his remarks amount to a denial of the right of geophysics 
to exist. 

Since Huxley’s dictum on the mathematical mill is usually quoted in 
this connexion, it may be well to give it in full*, It concerned the earlier 


* Q.J.G.S. 25, 1869, I. 
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discussions on the duration of geological time. ‘‘I do not presume to throw 
the slightest doubt upon the accuracy of any of the calculations made by 
such distinguished mathematicians as those who have made the sugges- 
tions I have cited. On the contrary, it is necessary to my argument to 
assume that they are all correct. But I desire to point out that this seems 
to be one of the many cases in which the admitted accuracy of mathe- 
matical processes is allowed to throw a wholly inadmissible appearance of 
authority over the results obtained by them. Mathematics may be com- 
pared to a mill of exquisite workmanship, which grinds you stuff of any 
degree of fineness; but, nevertheless, what you get out depends on what 
you put in; and as the grandest mill in the world will not extract wheat 
flour from peascods, so pages of formulae will not get a definite result 
out of loose data.” 

Now it may be surprising to some geologists (I must expressly say 
not all) to be told that there is nothing in the above passage that is not 
so familiar to every mathematical physicist as to need no repetition. As 
to the special topic under discussion, it is now recognized by physicists 
and geologists in general that both sides were wrong at the time: the 
physicists because they were then unaware of an essential factor in the 
problem (radioactivity), and the geologists because they regarded as a 
measure the denudational method, which could at best give only an order 
of magnitude. The former was an error of ignorance, the latter one of 
principle; and it is by a combination of physical and geological methods 
that the problem has at last been solved. The history of this problem 
should be sufficient indication of the need for cooperation. 

Now as to the appearance of accuracy given by mathematical methods, 
everyone using them is aware that inaccuracies of the data are reflected 
in the results. Often they are casual errors of observation and can be 
expressed by means of a probable error; but in geophysical problems there 
are often also systematic errors due to factors not yet evaluated. These 
can very often be dealt with by considering extreme cases, between which 
the truth must lie; and for a great many purposes this is adequate. Often, 
again, the discrepancy when a doubtful hypothesis is under discussion 
is such that no reasonable modification of the data offers the slightest 
prospect of producing an agreement. In such a case it seems legitimate to 
give the result as it stands for the advocate of such a hypothesis to make 
any modification he thinks fit. But in any case I would point out that 
uncertainties in data that will bear a moment’s inspection afford no excuse 
for not working out their consequences. The mathematical mill works in 
both directions. We may not be sure of what we are putting in; but if 
what comes out is an indigestible form of cellulose, it is legitimate to infer 
that what was put in was not wheat; and disagreement of inferred results 
with the facts provides one of the best means of correcting our data and 
increasing our knowledge. Again, it is sometimes found that the results 
of one line of inquiry are in definite disagreement with the alleged facts 
of another. When this occurs it is always found that an element of hypo- 
thesis has entered somewhere without being noticed; and it is in just this 
way that such tacit hypotheses can be detected. Unfortunately, however, 
there is nothing that many investigators dislike more than having their 
unstated assumptions pointed out; if this were not so, scientific con- 
ard! would be a much more amicable and profitable thing than it 
oiten 1s. 
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C:2. A curious opinion prevalent among geologists is that geology 
deals with facts, geophysics (which they are liable to call mathematics) 
with a priort considerations. For instance, many geologists have been 
kindly patronizing to me on the subject of the identification of the inter- 
mediate layer with tachylyte. Now I cannot claim the credit for inventing 
the idea that there is basaltic matter within the earth in a glassy and not 
a crystalline state; it is due to a distinguished geologist, Prof. Daly. My 
innovation was to recognize that two sets of facts discovered after Daly’s 
suggestion, namely the velocities of the P* and P waves, and the laboratory 
determinations of the compressibilities of crystalline basalt and tachylyte, 
implied directly that tachylyte, if present at all, forms the intermediate layer 
and not the lower one. The objections of other geologists to a tachylyte 
layer are based on a belief that magma solidifying at a considerable depth 
would take a coarsely crystalline or gabbroid form. But this is a purely 
a priort consideration. No geologist has obtained a specimen of the matter 
im situ 20 km. down, and the question at issue is whether this matter has 
ever crystallized at all; there is at present no direct evidence as to the 
method of solidification of a basaltic magma when it contains volatile 
constituents in such quantity as to lower its melting point to 700° at most, 
and the escape of these constituents is prevented by high pressure. The 
question of the presence of gabbro, on the other hand, is one of fact, for 
the seismological and laboratory evidence taken together imply that there 
is no widespread layer of this rock. The only alternative that seems worth 
considering at present to the opinion that basalts observed at the surface 
have come from an intermediate layer of tachylyte is that they have come 
from a layer of eclogite; gabbro is out of the question in any case. The 
absence of laboratory measures of the elasticity of eclogite make all 
allusions to it speculative, but even should they confirm the possibility 
that either the lower or the intermediate layer is eclogite it will be necessary 
to take into consideration the fact that the garnets decompose at tem- 
peratures below their melting points: thus Boeke and Kitel remark (p. 290) 
that “the conditions of formation of the garnets so far remain in complete 
darkness.”’ 

I do not wish to imply that I consider the identification of the inter- 
mediate layer with tachylyte and the lower one with dunite as certainly 
right, or Holmes’s diorite-eclogite-dunite succession as impossible. I regard 
them both as working hypotheses capable of further test. My reasons for 
preferring the former are simply that it is known to be in accordance with 
the seismological facts, while the other has not yet been compared with 
them at an essential point; and that it also fits the thermal data without 
our having to assume that the materials in depth have markedly different 
radioactive contents from materials of similar composition at the surface. 
New evidence may alter this situation, but meanwhile we must accept it. 


C-3. The hypothesis of continental drift has recently obtained a creat 
deal of attention. Criticism of this hypothesis falis naturally under three 
heads. First, Wegener has suggested several mechanical forces tending to 
produce continental drift: are these adequate for the explanation of the 
drift asserted to have taken place? This question has already been 
answered in the negative in 15-8. Second, some of his supporters suggest 
that there may be other forces not considered that could produce such 
an effect. One may query in return whether, if such a force were found, 


JE 


2I 


322 The Relation of Mathematical Physics to Geology 


it would remain the same theory; or are such theories like the antique 
chair that remained an antique chair after it had had a new back, a new 
seat, and three new legs fitted to it? But as a matter of fact some approach 
to a definite answer to this view can be made. In a highly viscous material 
such as constitutes most of the earth permanent shear, if any, is in the 
direction of the force. (This is not true in the atmosphere or the ocean; 
it is a question of the relative sizes of the rotational and viscous terms in 
the equations of horizontal motion.) To make America move westwards 
with respect to the Old World, as is required by the theory, a westerly 
force is required; the only one known is tidal friction, which is on an 
average under 10-7 of the equatorial drift, and therefore at the most 
favourable estimate would take 1017 years to produce the desired effect. 
To produce the effect in 3 x 10? years we require a westerly force 101° 
times as potent as tidal friction. But tidal friction is not an insignificant 
force; it has altered the earth’s rate of rotation very considerably during 
its history, and probably during geological time. It appears that such an 
external force as the modified theory would require would stop the earth’s 
rotation in a time of the order of a year. 

The third type of criticism is the geological one: accepting Wegener’s 
reconstruction of the primitive continental mass, several other implications 
arise, of a purely geological nature*. Some of these are favourable to the 
reconstruction; others are definitely against it, but in many discussions 
only the former are mentioned. For instance, the alleged fit of South 
America into the angle of Africa is seen on a moment’s examination of a 
globe to be really a misfit of about 15°. The coasts along the arms of the 
angle could not be brought within several hundreds of kilometres of each 
other without distortion. The widths of the shallow margins of the ocean 
near the continents lend no support to the idea that the forms have been 
altered considerably by denudation and redeposition; and if the forms 
had been altered by folding there would be great mountain ranges at a 
distance from the angles with their axes pointing towards the angles, which 
is not the case. (The Brazilian Heights are greatest near the angle, where 
the distortion required is least.) Similar misfits are encountered in com- 
paring North America with Europet. A petrological comparison of the 
regions alleged to have been in contact leads to a further set of incon- 
sistenciest. Until these geological and geographical objections are answered 
it hardly seems worth while discussing the physics of the theory any 
further. But reference must be made to the assertion that the situation 
of the Rocky Mountains and the Andes is what would be expected on the 
theory of continental drift. On the contrary, it is one of the most definite 
pieces of evidence against it. Either the materials of the ocean floor are 
stronger than those of the continents, or they are weaker. If they are 
stronger they will not give way to let the continents move through them; 
if they are weaker, the continents would advance, if at all, without being 
fractured, and no mountains would be formed. Considering how often it 
has been said that Wegener’s theory explains the Pacific mountains, it is 


* Cf. the reactions of Dr Rastall, Mr Lake, Prof. Holmes, and Prof. Schuchert to recent 
works by Du Toit and van der Gracht: Geol. Mag. 1928, 139-140, 422-424; Nature, 122, 1928, 
431-433; Am. J. Sci. 16, 1928, 266-274. 

+ P. Lake, Geol. Mag. 59, 1922, 338-346; Geog. Journ. 61, 1923, 179-187. 

{ H. 8. Washington, J. Wash. Acad. Sci. 18, 19238, 339-347. 
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odd that my explanation of them, first given in 1921, has hitherto received 
no mention in geological literature*. 


C:4. The theory of Joly raises much deeper issues. It is based on the 
assumption that the radioactive matter in the earth’s crust is sufficient 
and suitably distributed to make the ultimate steady temperature S, of 
Chapter VIIT above the melting points of the deeper-seated rocks. The 
difficulty that this implies permanent fusion at all depths below some tens 
of kilometres, which is decisively contradicted by every available type of 
evidence, is met by supposing that the earth’s present state is not repre- 
sentative. The deep-seated matter is supposed to melt at intervals, giving 
epochs of great igneous activity; tidal friction then tows the outer crust 
round over the fused interior until the excess of heat has been conducted 
through the ocean floor, and the whole solidifies again. On this theory 
we are now in a stage such that the heat being conducted out of the 
earth is less than that being generated within it. 

Now such a course of events is contrary to both theory and experi- 
ment in every case of heat transfer that can be conceived as showing the 
slightest resemblance to the conditions within the earth’s crust. In pro- 
blems of heat conduction in solids the universal experience when there 
is a steady internal source of heat with free radiation from the surface is 
that the temperature at every point tends asymptotically to a steady 
value. Alternation with time, such as is the normal event in problems of 
elasticity, does not occur in heat conduction, on account of the funda- 
mental difference that the time enters problems of the former type through 
o?/ot?, the latter through 0/0t. Conditions are similar, and the same theory 
is applicable, in the liquid state when stable. When a liquid is heated 
below, however, it usually becomes unstable and convection currents are 
set up. These redistribute the heat much more rapidly and thoroughly 
than simple conduction can. The result is equivalent to a great increase 
in the thermal conductivity, so great that a liquid in a convective state 
can usually be regarded as infinitely conducting in comparison with a 
solid. Latent heat of change of state expresses a purely conservative 
tendency ; a solid actually at the melting point does not rise in temperature 
if the heat generated internally exceeds that conducted out, and a liquid 
at the melting point does not cool in the opposite situation ; there is nothing 
in this making for alternation. The presumption is, therefore, that if the 
distribution of radioactive matter is such that the calculated ultimate 
basal temperature is above the melting point, the system will tend to a 
state where there is a permanently fluid layer; spontaneous resolidification 
and subsequent repetition of the process are out of the question. 

Prof. Joly complicates the question by assuming that a complete layer 
of the crust, beneath continents and oceans alike, fuses at one time, and 
that tidal friction then makes the crust revolve over the fused layert. This 
does not remove the difficulty, because the tendency to asymptotic ap- 
proach to a steady state would only make the depth of fluid below a given 
part of the surface alternate within a range whose extremes are both 
intermediate between the depths appropriate to oceanic and continental 
regions in the steady state. The depth would vary, but could never vanish, 
and there would be no resolidification. This hypothesis is open to the further 


* Proc. Roy. Soc. A, 100, 1921, 127-128. 
{ Phil. Mag. 45, 1923, 1167-1188; The Surface History of the Larth, 1925, 
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objection on its own account that however we choose the depth of the 
layer and its viscosity we cannot make tidal friction produce the required 
effects in the time postulated by Prof. Joly. ; 

These objections have been published previously in greater detail, and 
Prof. Joly’s replies have consisted of.a series of evasions and irrelevancies*. 
But I must repeat that my main objection to his theory is not that there 
are serious arguments against it; it is that there are no serious arguments 
for it. It is not the task of the opponent of a theory to examine every 
possible variation of it to make sure that there is none that will 
give the kind of effects that it is claimed to explain; it is the task of the 
proposer to produce one form of the theory that will give these effects, 
to state it in a form sufficiently precise for its consequences to be worked 
out, to investigate these consequences by the known methods of theoretical 
physics, and to compare them with the facts. When this is done there is 
a basis for discussion. But when, as in this case, the hypotheses as to 
facts are vaguely stated, when the physical laws assumed as to transfer 
of heat, rate of melting, and the mechanical phenomena concerned are 
not stated at all, and when no attempt is made to investigate their conse- 
quences properly, all it is possible to do is to point out the obvious diffi- 
culties and to leave the author to overcome them if he can. In this case 
he has not thought it necessary. 


C:5. These principles, it may be said, are very generally recognized. 
They are the rules that determine the acceptance or otherwise of papers 
for publication by the chief mathematical and physical societies, and I 
have no reason to doubt that they are also applied in other subjects. But 
Prof. Joly, who is an editor of the Philosophical Magazine, and first pub- 
lished his theory in that Journal, declares that they are of no interest, and 
sees in my enunciation of them nothing but an expression of personal 
irritation. 

If anything it is in a border-line subject such as geophysics more than 
anywhere else that a due sense of responsibility in scientific publication is 
necessary. It is inevitable in such a subject that a new theory making 
far-reaching claims will attract much attention among workers whose 
training has not been such that they can detect its weak points on in- 
spection; in a more specialized subject, such as petrology, electron theory, 
or tidal dynamics, this is not so. Thus I have seen Prof. Joly’s theory 
described as a ‘simple and convincing exposition’! The result is a curious 
distribution of publicity, depending not on what a theory has explained, 
but on what its author claims to have explained. I find, for instance, 
that for once that I am asked for my views on any subject where I have 
constructive remarks to make, I am asked ten times for details of my 
objections to the theories of Joly and Wegener. 

On the other hand a theory that coordinates a large number of facts, 
but is sufficiently specific to be understood and does not claim to have 
explained everything, seems to have very great difficulty in getting even 
its successes recognized. Thus a well-known text-book published last year 
dismissed the thermal contraction theory of mountain formation with the 
remark that in the opinion of most geologists the amount of contraction 
accounted for was inadequate. Seeing that it has been known for twelve 
years that the amount is of the correct order of magnitude, and that no 


* Phil. Mag. 1, 1926, 932-939; 4, 1927, 338-348; 5, 1928, 215-221. 


Need for Cooperation 325 


data are available for an exact comparison, such a remark is singularly 
unfortunate. Holmes, who is the only critic of the theory that appears 
to have read any work on it under twenty years old, does not base his 
objections on quantitative inadequacy. But the least happy feature of 
the remark is its suggestion that the ultimate test in science as in politics 
is in the number of votes secured, and not in the evidence and arguments 
available. 

I have not thought it necessary to give references to the extracts from 
recent geological writings quoted above, because they are representative 
of a wide class of opinion; they have been chosen only because they have 
as a matter of fact been expressed in a convenient form for quotation. 
I am fully aware that the views are not universal among geologists, though 
they are common; in fact my indebtedness to geologists that do realize the 
need for continual cooperation between their own methods and those of 
physics is obvious throughout this work. May I close with the hope that 
the latter class may increase and absorb the former? 


APPENDIX D 
Theories of Climatic Variation 


‘“Now is the winter of our discontent 
Made glorious summer.” 


SHAKESPEARE, King Richard III, Act t, Se. 1. 


D1. The Geological Evidence for Climatic Changes. Climatic variation 
as such is essentially a meteorological topic, and therefore is outside the 
scope of the present work. On the other hand, climatic variations have 
produced very great effects on the surface features of the earth in the 
past, and their causes may be largely drawn from the non-meteorological 
parts of geophysics. Since they serve as a connecting link between two 
problems definitely within our scope, some discussion of them may be 
in place. 

Tee is a great deal of evidence for considerable changes in climate 
in past geological ages. The last glacial period, during which most of 
Northern Europe and America were buried under a thick ice sheet, is the 
best known of these vicissitudes; but a glacial period with many similar 
features occurred in the Pre-Cambrian era, before the oldest known fossili- 
ferous rocks were laid down, and another at the beginning of the Permian 
period, about 250 million years ago*, besides occasional local glaciations 
at other times. Between these glaciations there were mild intervals, such 
as the long spell of warmth in the Secondary and early Tertiary. At 
present the climates over most of the earth appear to be becoming warmer 
and drier, though there are places where this does not hold. 


‘D-2. Suggested Explanations. Numerous attempts have been made to 
explain such facts. Most of the hypotheses offered may be classified under 
the following heads: 


A. Changes in the motions of the earth as a whole, especially in 
(1) the eccentricity of its orbit; 
(2) the inclination of its axis of rotation to the ecliptic. 
B. Changes in the composition of the atmosphere and ocean, especially 
(1) the amount of carbon dioxide; 
(2) the amount of volcanic dust; 
(3) the amount of salt in the sea. 
C. Changes in topography 
(1) in the area of the continents; 
(2) in the height of the continents; 


(3) in the distribution of the continents with regard to one another 
and to the polar axis. 


D. Changes in the sun’s radiation. 
E. Changes in the internal heat of the earth. 
F. The passage of the solar system through cold regions of space. 


* Cf. the striking pictures of a Carboniferous boulder-clay and a striated pavement 
in Daly’s Our Mobile Harth, 285, 286. 
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D-3. Of these, A, E, and F may be rejected without difficulty. First, 
changes in the eccentricity formed the basis of Croll’s famous theory, which 
required that glaciation should occur when the eccentricity was a maximum, 
and should alternate between the northern and southern hemispheres in 
the period of the precession of the equinoxes, the glaciated hemisphere 
being the one containing the pole presented to the sun at perihelion. Both 
the variation of the eccentricity and the precession of the equinoxes are 
purely dynamical in origin and extremely regular. Thus glacial periods 
should have alternated at intervals of less than a million years throughout 
geological time, which is very far from the state of affairs outlined in the 
second paragraph above. Changes of eccentricity, however, are real, and 
may play a subsidiary part. Changes in the inclination of the axis 
may arise in two ways, first, by planetary perturbations of the plane of 
the earth’s orbit, and second, through internal deformations of the earth 
itself. The first type of change is regular, and therefore fails for the same 
reason as Croll’s hypothesis; while Sir G. H. Darwin showed that changes 
in the inclination through internal deformation can never be considerable. 
The inclination may have undergone some change through tidal friction, 
but such change would always be in the same direction, whereas the 
climatic changes have been oscillatory. 


D-31. Hypothesis Hi fails, because, as shown in Chapter VIII, the 
surface temperature of the earth must have been almost wholly maintained 
by solar radiation practically ever since it became solid at the surface, and 
certainly throughout geological time. Conduction from the interior is in 
comparison quite unimportant. 


D-32. Strictly speaking, Hypothesis F is meaningless; there is no such 
thing as the temperature of space, for temperature is essentially a property 
of matter. It might, however, be interpreted to mean the temperature that 
a given body would take up if it was exposed to the radiation in the 
neighbourhood considered; so that it would be the temperature such that 
the given body radiated as much heat as it received. But at present the 
radiation received from other sources is a very small fraction of that 
received from the sun, and therefore no possible reduction in it could 
make any appreciable difference to terrestrial temperatures. 


D-4. The phenomena enumerated under B must all have occurred to 
some extent, but it is unlikely that any of them is among the main causes 
of climatic variation. It has been suggested by W. J. Humphreys* that 
great volcanic eruptions, such as those of Krakatoa (1883) and Katmai 
(1912), may produce a lowering of temperature over the earth as a whole 
for some months; thus volcanic activity on a still larger scale might 
produce a glacial period. It does not appear, however, that volcanic 
activity and glaciation have been closely correlated in past epochs. If 
they had been, great glaciations would have occurred during the times of 
greatest activity in the Ordovician, Devonian, and Tertiary periods, which 
is not the case. The absorption of dark heat radiation by carbon dioxide 
may be appreciable, but it appears probable that the conditions have 
always been such that any radiation absorbed by CO, would have been 
equally effectively absorbed by water vapour in the absence of the former, 
so that the thermal effect of variations in the amount of CO, in the atmo- 


* Journ. Franklin Inst. 176, 1913, 131. 
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sphere can hardly be great. Variations in the salt content of the ocean have 
been considered important by Chamberlin. Variation of the density of 
the ocean from place to place must have some effect in producing a general 
circulation of the ocean. Thermal expansion near the equator reduces the 
density of the water, and must therefore have such an effect. If, however, 
the ocean were much more salt, evaporation of water near the equator 
would raise the density more than thermal expansion reduces it, and the 
density circulation would be reversed. This is considered capable of pro- 
ducing an important effect on climate, since the atmosphere is largely 
heated by contact with the sea. The difficulty in this theory is that the 
surface waters do not move with the deeper parts of the ocean, but are 
driven along by the wind*; with the same wind, their motion is practically 
independent of the density distribution. It is the surface waters alone 
that affect the temperature of the air. Thus the system of the surface 
waters and the air is practically self-contained, and the temperature of 
the air cannot be affected by the salinity of the sea. 


D-5. Phenomena of Group C must contribute considerably to the varia- 
tion of climate. It is known from meteorology that changes in topography 
could have an important effect on climate, and from geology that such 
changes have actually taken place; what is uncertain is, first, how far 
known changes in topography can account for the changes of climate 
indicated by the geological record, and, second, in cases where prior know- 
ledge of the putative causes is so small that we have to make ad hoc hypo- 
theses concerning their time and extent, how numerous are the observed 
climatic variations that agree with those inferred from the hypotheses. 


D-51. The chief work on these lines has been done by C. E. P. Brooksy. 
His method is based on the correlations between the normal temperatures 
for January, July, and the whole year, on the one hand, and the nature 
of the surroundings on the other, found for a network of places over the 
whole earth. The places he considers are regularly distributed at equal 
intervals of latitude and longitude all over the earth. Around each he 
draws a circle of radius 10° of latitude, or 600 nautical miles. The per- 
centages of land and ice in the semicircles to the west and east of the 
station are recorded separately, and the correlations between these and 
the temperatures are calculated. From these correlations it is possible 
to make a quantitative estimate of the effect on temperature both of con- 
tinentality and of the direction of the prevailing winds. The method is 
somewhat crude, but certainly takes into account the main features of 
the problem. The main results are what might be expected from our 
general knowledge, that land in the neighbourhood of a station makes 
for extremes of temperature, that ice produces lower temperatures than 
unglaciated land, and that land or ice produces more effect when it is 
to windward than when it is to leeward. The special feature of Brooks’s 
work is that it is quantitative as well as qualitative, and can therefore 
be applied to find the distributions of temperature for other distributions 
of land and sea. The temperature distributions for other geological dates 
than the present can therefore be found. Brooks uses temperatures reduced 
to sea level, so that the effect of altitude must be added before the actual 
temperature at a station is determined. 


* Jeffreys, Phil. Mag. 39, 1920, 578-586. 
} The Evolution of Climate, Benn Bros. 1922; Climate through the Ages, Benn Bros. 1926. 
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In this way Brooks is able to show that more oceanic conditions, which 
actually existed, are able to account quantitatively for the mild climate 
of the Eocene period. A general elevation of the land proceeded throughout 
the Tertiary Era, and when the Scandinavian highlands and the Rocky 
Mountains reached the snow line ice sheets commenced to form. Ice 
becomes colder than unglaciated land exposed so that it receives the 
same radiation, and produces a greater cooling effect in its neighbourhood. 
Wind blowing over an unglaciated mountain range reaches the same level 
on the other side without having been cooled much, or may even have 
been somewhat heated by the Féhn effect; but wind blowing over an ice 
sheet is very much cooled when it gets to its original level again. Thus 
whereas the rising mountains did not produce much disturbance of tempera- 
ture to leeward before they reached the snow-line, they would afterwards 
produce a substantial depression. Precipitation upon them would fall as 
snow instead of rain. That falling on the windward side would form glaciers, 
and return quickly to the sea; but that to leeward would have no easy 
outlet, and would accumulate. Thus the ice sheet would tend to spread, 
especially to leeward. The increased precipitation consequent on the reduc- 
tion of the temperature of the land would play an important part in the 
thickening of the ice sheet. The sheet would not necessarily have its highest 
point above the original mountains; the precipitation to leeward might 
well raise the surface of the ice to above the original mountain tops, and 
then the highest point would proceed to move steadily to leeward. The 
actual events during the glacial period and afterwards agree closely with 
Brooks’s inferences. In particular, the direction of the tips of sand dunes 
formed at this time gives the direction of the prevailing wind, which 
corresponds to the effect of a permanent area of high pressure in Scandi- 
navia, and therefore east winds over Germany*. In many other parts of 
the world striking agreements are found. 

A further remarkable contribution was made by F. Kerner-Marilauny, 
who introduced a hypothetical ‘non-glacial’ temperature, designed to sum 
up the effects of external factors and topography, apart from those of ice. 
It is the temperature that would be maintained if the ocean had all its 
actual physical properties, except that the freezing point is supposed 
sufficiently low for it never to freeze, so that the effect of ice does not 
arise. This can be calculated more directly than the actual temperature, 
and forms an intermediate stage in finding the latter. Now it is found 
that the effect of topography on the mean non-glacial temperature in a 
given latitude is a few degrees, not enough to account directly for the 
changes of temperature between a warm period and a glacial one, which 
is of the order of 30°F. But it appears that the present non-glacial 
temperature at the North Pole in January is about 26° F. The freezing 
point of sea water is about 28° F. Thus a rise of temperature of 2° would. 
clear the Arctic Ocean of ice completely, and abolish the effects of floating 
ice and cold currents, which dominate the climate of so much of the 
Northern Hemisphere. The long spells of mild climate, which, as Brooks 
points out, constituted most of geological time, are thus easily explained. 
The presence of polar ice indicates a glacial period; we are now in a glacial 


* Cf. I. Hoghom, Geografiska Annalen, 5, 1923, 113—142. 
+ Stizber. Akad. Wiss. Wien, 131, 1922, 153; cf. also Brooks, Q.J.R. Met. Soc. 51, 


1925, 83-94. 
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period, though not at its height. Brooks, in the paper just quoted, attempts 
to evaluate the cooling effect of a polar ice cap, and shows that with a 
non-glacial temperature at the pole only a few degrees below the actual 
freezing point, the formation of ice and the consequent secondary cooling 
would produce glaciation down to latitude 65° and an ultimate depression 
of the temperature at the pole by 45° F. Thus a slight change in the topo- 
graphy and the external factors affecting the temperatures in high lati- 
tudes may make all the difference between a mild period and an intense 
glaciation. 

The whole theory of climatic variation due to topographical changes 
has been attacked recently by Dr G. C. Simpson*, who claims that the 
utmost variation of temperature explicable in this way is only a few 
degrees. But as he does not consider the secondary effect of ice his paper 
does not deal with the present situation, but with the one that appeared 
to exist before Brooks’s work was done. In his reply to the discussion 
following the reading of the paper he objected to some of Brooks’s physical 
arguments, but these seem unnecessary to the general validity of the 
theory. If we grant with Brooks that the lowering of temperature by ice 
is proportional to the area of ice within a ten-degree circle about the place 
considered, and determine the constant of proportionality empirically by 
reference to present conditions, Brooks’s results follow. Their physical 
explanation is a further problem; as a matter of fact I am not in entire 
agreement with Brooks on the details}, but that has nothing to do with 
the general question of the effect of ice on surface temperatures and the 
approximate evaluation of its amount. : 

Brooks’s theory is a very substantial contribution to our understanding 
of climatic change; but it does not furnish a complete explanation. Glacia- 
tion did not begin in many places until long after the mountain tops were 
not only above the snow line, but above the height where there was any 
considerable precipitation at all; this is shown by the presence of un- 
glaciated mountain tops, called ‘nunataks,’ in Scandinavia and the Rockies. 
It appears as if the later stages, at least, of the elevation of the mountains 
took place under conditions when the snowfall was inappreciable, and that 
the ice sheet did not begin to form until some further change of climate, 
not attributable to the mountains, had supervened. The Caledonian 
folds, again, must have raised mountains quite comparable with those of 
the Tertiary, but do not appear to have been followed by glaciation on 
anything like the same scale, again suggesting that mountain formation, 
though it may be a necessary preliminary to glaciation, is not a sufficient 
condition for it. The crustal movements in the last thousand years, again, 


do not appear enough to account for the climatic changes during that 
interval. 


D-6. Changes in the situation of the polar axis with regard to the land 
have often been summoned to explain climatic changes that we have no 
satisfactory explanation for. In particular, Wegener has attributed the 
Permian glaciation in several parts of the Southern hemisphere to this 
cause. He supposes that at that time South America, South Africa, India 
and Australia were all united, meeting somewhere in the South Indian 
Ocean, and that they have since drifted apart. The presence of a glacial 
flora in all these places at that time is then explained by the ad hoc 


* Q.J.R. Met. Soc. 58, 1927, 213-232. + Met. Mag. 61, 1927, 277-281. 
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hypothesis that the south pole was near the junction. The argument of 
15-8 and C-3 seems in itself fatal to this theory. Further, it has been pointed 
out by Lake* that a similar glaciation took place at this time in Northern 
Baluchistan, which would on Wegener’s hypothesis have been practically 
on the equator; while Brooks calls attention to the curious distribution of 
climate in North America at the time, which is inexplicable on Wegener’s 
views, but is reconcilable with the earlier geological ideas of land con- 
nexions. 


D-7. We now come to the effects of changes in the sun’s radiation. 
We have no means, apart from terrestrial climate, of knowing how the 
sun’s radiation may have changed during geological time, and accordingly 
any hypothesis of this type is very difficult to test, and therefore very 
difficult either to prove or to disprove. If any changes were due to this 
cause, the effects all over the earth should be such as can be attributed 
to the same change of solar radiation, and this might be thought to afford 
a test; but unfortunately we cannot determine the dates of events at 
widely separated places so accurately that we can be sure that the climatic 
variations at all of them actually took place at the same time; and further, 
it is far from certain that an increase in the intensity of solar radiation 
would affect temperatures all over the world in the same direction. 
W. Koéppenj; found that the temperature of the earth is highest about 
sunspot minimum, when the sun is radiating least. This paradoxical result 
received a partial explanation from H. F. Blanfordt. His suggestion is 
that high radiation increases the evaporation over the ocean, and therefore 
increases the cloudiness and rainfall over the land. On both the latter 
grounds the temperature of the land is reduced. It is to be observed that 
the temperature of the sea must be raised, for if it were lowered the evapora- 
tion would be less than normal, and the argument would have cut off its 
own feet. If the theory is correct, it can refer only to a limited range of 
conditions, for it is plain that if the sun’s radiation were zero the tem- 
perature of the earth would be practically absolute zero, and if it were 
great enough the oceans would boil and the temperature of the land would 
be raised to boiling point. Sir G. T. Waiker§, on the other hand, has 
suggested that the effect of sunspots is an increase of the opacity of the 
atmosphere other than that involved in rain or cloud. The whole theory 
of the heat balance of the atmosphere is in a rudimentary state. 

The correlations of terrestrial temperatures and rainfall with solar 
radiation are certainly small; a summary of the results obtained, with 
references to the literature, is given by C. E. P. Brooks in the Meteorological 
Magazine for June 1921||. A connexion between sunspots and cyclones 
in the South Indian Ocean has been traced by Meldrum, but cyclones 
in other oceans show little connexion with sunspots or with one 
another J. 

E. Huntington and S. 8. Visher** have given an account of a theory 
of climatic changes, attributing most of the changes somewhat naively to 


* Geog. Journ. 1923. + Zs. Osterr. Ges. Meteor. 8, 1873, 241-252. © 

{ Nature, 43, 1891, 583. 

§ Mems. Indian Met. Dept. 24, 1922—25, No. 4. 

|| Cf. also First Rept. of Commission on Solar and Terrestrial Relationships, Paris, 1926. 
{ Mrs G. F. Newnham, Geophys. Mems. of the M eteorological Office, No. 19, 1922. 

** Climatic Changes, their Nature and Causes. Yale Univ. Press, 1922. 
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variations in solar radiation. It certainly seems that some of the changes 
are mast probably due to such variations, more on account of the failure 
of other hypotheses than on account of any conspicuous successes of this 
one. There is so far no satisfactory explanation of why the sun’s radiation 
should have varied in the past; but as we do not know why it varies at 
present this offers no serious objection. Huntington and Visher offer an 
explanation based on the hypothesis that extra solar radiation is stimulated 
by variations in the radiation received by the sun from the stars: but this 
can be rejected, for if it were so, the components of a double star with 
a highly eccentric orbit should stimulate each other to such an extent as 
to make such stars strongly variable in a period equal to the period of 
revolution, which is not the ease. 


APPENDIX E 
Empirical Periodicities 


“Backward or forward, it’s just as far; 
Out or in, the way’s as narrow.” Issun, Peer Gynt. 


E-1. Methods of harmonic analysis have been applied to many of the 
data of geophysics, especially in seismology, terrestrial magnetism, and 
meteorology. The principle of the method is as follows. 

Suppose we have 2n + 1 observations of a variable x, distributed at 
equal intervals of another variable ¢. As a rule ¢ is the time. We may 
measure ¢ from the first observation. Let the interval be 7’. Then the 
value of ¢ at the (p + 1)th observation is p7’, and at the last is 2n7’. Let 
the value of x when t = pT be x,. Put 


2rt 
ie OT TTES NI BARRE CL); 


Consider the function 
a + a,cos0+ b,smé@+...+a,cosré+ b.sinré +... 
EG, COS ROD, SIN, PEI) 8 cc Gisy ces (2), 


where the a’s and b’s are unknown constants, 2n + 1 in number. If we 
suppose this function equal to w, our 2m + 1 known values of 2 give 
2n + | linear equations to determine these coefficients, which can therefore 
be found uniquely provided the equations are determinate. We notice 
that as ¢t increases by 7’, 6 increases by 27/(2n + 1) = a, say. The equation 
given by z, is then 


a + a, cos pa + b, sin pa + ... + a, cosrpa + b, sin rpa + ... 
+ A, cos npa + b, sin npa = “,y ...(3). 


There are equations of this type for all integral values of p from 0, 1 to 2n. 
Multiplying them in turn by 


cos 0, cos ra, Cos 2ra, ... COS pra, ... COS 2nra, 


and adding, we see that the coefficient of a, in the sum is 


2 2n 

cos rpa cos spa = 4 &% {cos (r — 8) pa + cos (r+ 8) pa}...... (4). 
p=90 p=0 
Several cases arise. If r and s are unequal, each sum is of the form 


6 } 


+1 
n—>— Mma Cos nma 
2n 2 


4X cosmpa = — 
eae) P 2sin 4ma 
where m is an integer, and the first factor in the numerator is sin mz, or 
zero. Thus in this case the coefficient is zero. 

If r and s are equal but not zero, the second sum vanishes. The first 


is evidently 4 (27 + 1). 


334 Empirical Periodicities 


If r and s are both zero, each sum is $ (2n + 1) and therefore the two 
together are equal to 2n + 1. Hence 


(2n + 1) a= 53 Ce A Wee rece (6), 

p=0 
4 (2n+ 1)a,= 55 LCOS TPC.) A cecenanee Gi 

Similarly we can show that fey 
&(2n + 1) p= & wy sin rp os oe send (8). 


Thus all the coefficients are determinate, and we have found the coeffi- 
CLON tS prea Os Oi b,, so as to make the trigonometric function (2) 
equal to x for all the observed values of ¢. Thus any variable observed for 
2n + 1 equidistant values of ¢ can be represented exactly for these values 
of ¢ by a series of 2n + 1 harmonic terms. This is the method known as 


harmonic or Fourier analysis. 


E-2. We notice that the possibility of this representation is in no way 
dependent on the existence of any recognizable physical connexion be- 
tween x and t. A completely random set of 2n + 1 observations, subjected 
to harmonic analysis, will give 2n + 1 harmonic terms. Thus if we deter- 
mine the Fourier coefficients for any definite period, and find them different 
from zero, the result by itself gives no information that enables us to say 
that x is, even in part, related to t by any recognizable law. 

If & be the mean value of x, and if the deviations of x from # were quite 
unrelated to cos 7? and sin 7@, we should still find that the a’s and b’s did 
not vanish. This indeed is obvious; for if they did vanish, our theorem 
shows that 2 would be the same for all the observed values of t, which is 
not the case. 

Now clearly ¢=a,. Let x— a= y. Then 

2n 2n 
2 Yo" = = (a, cos pa + b, sin pa + ... + a,cosrpa + b,sinrpa + ...)? 
p= p= 


an n 
+4 4 & (a,2— 5,7) cos 2rpa 
p=0 r=1 
+ other trigonometric terms: = ee oye 


All the trigonometric terms give zero on addition with regard to p, by 
(5). Also if o denote the standard deviation of x, or of y, defined by 


2n 
(2c) atest Sigs.) Oe eee (10), 


p=0 
we have die Ay 6,2) = Zot es (Ly 
But a,’ + 6,* is the square of the whole amplitude of the harmonic term 
(cosine and sine terms together) with period (2x + 1) 7'/r. The number of 
terms other than the constant one is n. Thus the mean square amplitude 


of all the terms is 
oO, =.0 A/{2ia) io ae 2 Uy a hibewscree (12). 


This may be called the standard amplitude. 
If a mere set of random observations, 2n + 1 in number, were analysed, 
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the mean square harmonic coefficient would have this value. 'The coeffi- 
cients, however, will in general not be all equal, and several of them will 
exceed this mean. The principle of ‘Schuster’s criterion’ is that a term 
can be considered as having physical meaning and not as being a result 
of the analysis of random fluctuations, if its amplitude is considerably 
greater than the standard amplitude*. Greater precision has been given 
to the criterion by Sir G. T. Walker}. The probability of a coefficient c, 
given by 

OEE RTS Mee SORT mata) (13) 
exceeding € ist Cee (14). 


eo eeeccces 


Two cases clearly arise. If there is a priori reason to expect a given 
period in the observations, and the observations when analysed show this 
period, they may be considered as confirming the earlier anticipations if 
the amplitude found is substantially greater than o,, so that it is too great 


to be likely to have arisen by chance. Thus we can derive the following 
table: 


f/oy e-8/o4? glo, e—§2/042 
1 0:37 2°5 0-002 
1-5 0-105 3:0 0-0001 
2-0 0-018 


It appears that an amplitude greater than about 2c, is so unlikely to 
have arisen by chance as to afford strong confirmation of the suggested 
periodicity. 

But when the observations have been analysed without reference to 
previous considerations, the amplitudes found are merely those that stand 
out most prominently in the resulting analysis; that is, out of the n har- 
monic terms calculable from 2n + 1 observations the largest is deliberately 
selected. If we have 111 observations, so that n = 55, it will be the normal 
event for one of the amplitudes to reach 2-00, by chance, so that such a 
value for the largest amplitude gives no confirmation of its reality. Walker 
gives the following values for n and k, where n is the number of amplitudes 
determined and ko, is the probable value of the largest: 


n k n k 

Pe i338 40 2-42 

4 1-63 100 2-68 

6 1-79 200 2°86 

8 1-89 400 3:03 
10 1-98 1000 3:24 
20 2-21 


A single period not predicted already is trustworthy if the amplitude is 
substantially greater than ko,. 


E-21. The periods of all the harmonic terms determined in E-1 are 
submultiples of (2n + 1) 7. Suppose now that x was really a harmonic 
function of 40, where A is between m and m + 1, m being an integer, and 


* Proc. Roy. Soc. A, 61, 1897, 455-465. 

+ Q.J.R. Met. Soc. 51, 1925, 337-346. 

{ This can be proved from the results in Whittaker and Robinson’s Calculus of Observa- 
tions, 168-176, and is given, in a slightly different form, by Schuster and Walker. 
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let us examine the values of the harmonic coefficients that would be found. 
For this purpose it is sufficient to replace the finite summations by integrals. 
If we are given 

x =acosr0 + bsin A, 


27r 
we shall have TO, = | ; x cos r6dé, 


2ar 
ab, = [ x sin rédé, 
J0 
whence 


ser 
2a, = a| «= sin 2m (X—) 


] ; 
+ pein Q+r)| 


SH |= cos 2a Q-N}+54, 0 — cos 27 a+ ny], 


27b, = a| 50 C08 2m (A= 1)} = ppp {l = 008 2m (A+ 7)}] 


+b) <2 sin 2m (Q— 1) — sin 2 (+1). 


1 
A+r 
1 
The terms depending on 27 (A + r) are evidently at most of order He but 
those involving 27 (A — r) may be of order unity. Hence if the harmonics 
considered are of high order, the coefficients of the largest terms may be 


replaced by 
sin 7 (A — r) 


Tp ae {a cos7m(A—r) + bsin zw (A—1r)}, 
ab, = ste Des asin m (A — r) + bcos z (A — r)}, 
and m (a2 + yk = BF ERT ar + OH 


If then 4 is equal to r + 4, the two largest terms found by the harmonic 
analysis will be equal in amplitude. For other values, the values of the 
amplitudes found for the terms in 7@ and (r + 1) 6 will suffice to determine 


(a? + b2)? and X. Thus an extension of the method of harmonic analysis 
makes it possible to find approximately the amplitude and period of a 
harmonic variation, even though its period may not be a submultiple of 
(2n + 1) 7. Thus the results of the harmonic analysis serve as a com- 
pendium whence the harmonic variations with periods intermediate be- 
tween those used in the analysis can be inferred*. 


E-3. Supposing the existence of a harmonic term to be established 
by analysis, an interpretation of this term is required. The character of 
this interpretation is very different in different cases. The simplest type 
is represented by a forced vibration where the external variation pro- 
ducing the motion is known beforehand to have a definite period. The 
phenomena of the tides provide an excellent example. The disturbing 
potentials due to the moon and sun have been expressed as the sum of 
a number of terms of different periods. Theoretically, each of these should 
produce variations in the height of the tide and the velocity of the current 


* Turner, Tables for facilitating the use of Harmonic Analysis, 1913. 
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at any given place, with the period of the disturbing term that produces 
them; and the total height and velocity are the resultants of those due 
to the terms separately. Thus a harmonic analysis of the tidal observations 
at a given station enables each constituent separately to be found, and 
the results can afterwards be used to predict the tides at the station at 
any subsequent time. In this form the method presents no methodological 
difficulty: it is used only to determine the amplitudes and phases of terms 
that we already know must exist. 

The next type in order of difficulty is the determination of the period 
of a free vibration. We may have previous reason to suspect the existence 
of a free vibration, and our theory may be so reliable that we can infer 
its period with considerable accuracy. If this is so, the determination of 
the amplitude and phase presents no more difficulty than in the case of 
a forced vibration. But in most geophysical phenomena the free periods 
are not accurately known beforehand. All we know is that a certain type 
of oscillation is possible, and perhaps we may know in addition the order 
of magnitude of its period. Thus to find the period we must carry out a 
harmonic analysis of the observations to find out what period agrees best 
with them, The analysis is complicated by the fact that free vibrations 
as a rule are affected by damping, the amount of the latter being usually 
unknown beforehand. This is innocuous in a forced vibration, for it does 
not affect the period, but only the amplitude and phase, which we find 
directly. But in free vibration it affects the period and makes the ampli- 
tude subject to a steady diminution. If a further disturbance regenerates 
the vibration, the new vibration will not necessarily be in the same phase 
as the old one, and therefore an analysis covering both may give quite 
incorrect estimates of the amplitude and even the period. Again, we may 
have no strong theoretical reason to believe that the free vibration we are 
seeking actually exists, for it may have been completely damped out, 
even if, irideed, it ever started. In such a case we cannot exclude the 
possibility that an empirical term with a period agreeing only roughly 
with our preliminary estimate may be due to some completely different 
cause. Again, it may happen that several periods, all of the correct order 
of magnitude, are disclosed by the analysis. If so, it will be difficult to 
say definitely which of them represents the predicted free vibration. 

The next degree of difficulty occurs when we have no previous reason 
whatever to believe in the existence of a variation with a period com- 
parable with that found. The 11-year period of sunspots is an example. 
Nobody knows why the number of spots on the sun should vary; we only 
know that it does. There is an equal period in the frequency of magnetic 
storms, and it is natural to infer from the agreement between the periods 
that the two phenomena are connected by a physical law. Now in such 
cases as these the actual variation is never simple harmonic; other periods 
and an irregular part are always present. If there is a physical connexion, 
we should expect it to hold, say, between the mean sunspot number for 
the month and the whole number of magnetic storms in the month, and 
not merely between the 1l-yearly parts of the two variations. Thus it is 
natural to inquire why the method of harmonic analysis should in such 
cases be preferred to the method of correlation. 

The answer appears to be as follows. The harmonic analysis enables 
us to find sets of harmonic terms that will represent any variation exactly. 
If then we analyse the two phenomena as in E-1, and consider the terms 


JE 22 


338 Empirical Periodicities 


of any two periods P and Q, the average values of the products of the terms 
of period P in the sunspot number into the terms of period @ in the number 
of magnetic storms are zero. Thus the combinations of terms of different 
periods contribute nothing to the correlation coefficient. On the other 
hand, if we take together the terms of period P in both, their products will 
as a rule not vanish when averaged over a long period, and they will 
therefore contribute to the correlation coefficient. Thus a harmonic analysis 
tells us all that the correlation coefficient can tell us; but it also tells us 
what part of the correlation is due to every periodic term separately. 
Further, it gives the ratios of the amplitudes and the lags of the separate 
terms. A knowledge of these quantities, and of the way they vary with 
the period, must be helpful in elucidating the nature of the connexion 
between the phenomena considered. 

The harmonic analysis of a single series of observations, whose com- 
ponents are not to be compared with those of any other series, does not 
appear to be necessarily of any scientific value. The case of a predicted free 
vibration is hardly a case in point, since the results of the analysis are to be 
compared with theoretical considerations based on other data. In any 
investigation of a series of observations four cases may arise. First, it may 
happen that the existence of harmonic terms is predicted by theoretical 
considerations, and that such terms are found to give a good representation 
of the observations. In this case, typified by the tides, harmonic analysis 
achieves its greatest possible success. Second, it may be found that the 
observations are sufficient to establish a harmonic term or a few harmonic 
terms, but we may have no theoretical explanation of the existence of such 
terms. In this case the analysis supplies us with valuable data for future 
research, but not with knowledge relevant to any laws. Third, theory may 
predict the existence of a harmonic term, but on examination of the data 
it may be found that the harmonic term, though its existence may be well 
established, actually accounts for only a small fraction of the whole range 
of variation. This is specially liable to happen when long series of observa- 
tions are analysed, for when n is large an amplitude may be both small 
compared with o and large compared with o,. The lunar tide in the atmo- 
sphere, investigated by 8. Chapman, affords a striking example. Such a 
result constitutes a verification of a theory, but it is evidently useless for 
prediction of individual observations. The fourth possibility is that we 
have no reason to expect the existence of a periodicity, and that on in- 
vestigation we find that none of the amplitudes determined exceeds appre- 
ciably that expected from pure chance. In such a case we only find by 
analysis that nothing happens that we did not expect, which does not 
appear to be a result of any scientific interest. Many examples of such 
‘periodicities’ have been published. The only means of distinguishing the 
second and fourth classes is Walker’s criterion; but this criterion is seldom 
applied. 


E-4. For our present purpose the most interesting periodicities are 
those in the frequencies of earthquakes. A great deal of work has been 
done on these periodicities, but so far only two appear to be well esta- 
blished. These are the solar diurnal and annual variations* found by 


* C. Davison, A Manual of Seismology, Camb. Univ. Press, 1921, 82-198. References 
to papers are given. 
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C. Davison. It is found that, on the whole, earthquakes are more frequent 
in winter than in summer, and more frequent by night than by day. 

It appears that these variations are of the nature of ‘last straw 
phenomena.’ Under the growing stresses in the earth’s crust, fracture is 
bound to occur sooner or later. A small periodic variation in stress, how- 
ever, may determine the time when the fracture actually takes place, 
provided the range of the variation is comparable with the amount of the 
steady increase during a period. If, for instance, the stress-differences in 
a region are greater, on the whole, in winter than in summer, they will be 
decreasing from winter to summer even when the steady increase is taken 
into account. Therefore there will be no earthquakes during this half-year; 
all will occur in the half of the year from summer to winter. Davison, 
largely following Omori, is inclined to attribute the annual period to the 
annual variation of atmospheric pressure, and the diurnal period to the 
diurnal variation of atmospheric pressure. 

That these variations are not tidal in origin may be seen from the fact 
that the corresponding lunar terms are very much smaller, their ampli- 
tudes being little more than would be expected if the total variations 
were random. They have been the subject of investigation by R. D. 
Oldham*, and before him by C. G. Knott. The smallness of these lunar 
variations is, however, as interesting as their verification would have been. 
The extensional strain in the earth’s crust since solidification has been 
seen to be of the order of 1 per cent., which has accumulated in a time of 
the order of 10° years. Thus the increase of extension in a month is of the 
order of 10-1*. The extension produced by the lunar bodily tide, however, 
must be of the order of 10-’. It therefore becomes of interest to inquire 
why the lunar periodicity does not so dominate the occurrence of earth- 
quakes as to make all the earthquakes in any region occur in only one half 
of the lunar day. The difficulty has been noticed by Oldham, who suggests 
that, while the gradual increase of stress produces set ultimately, the set 
is at first gradual and does not give a definite earthquake. When set has 
begun, however, it proceeds rapidly, and the small lunar effect is unable 
to influence appreciably the moment when the flow merges into fracture. 

Other periodicities of much interest have been noticed by Profs Hah. 
Turner. The aftershocks of earthquakes occur at intervals of multiples of 
21 minutes}. Also the frequency of Chinese earthquakes, the heights of the 
Nile floods, the growth of Californian Sequoias, and the moon’s longitudet 
all show a periodicity in a period of 250 to 300 years, those for the Cali- 
fornian trees being the best analysed because they provide the longest 
record. The records are such as to show such a period fairly definitely in all, 
and the phases agree as closely as the analysis can detect. No satisfactory 
explanation of the relations has been suggested. 


* Q. Journ. Geol. Soc. 74, 1918-19, 99-104; 77, 1921, 1-3; 78, 1922, lv-Ixii. 

t M.N.R.A.S. Geoph. Suppl. 1, 1923, 31-50. 

t H.H.Turner, M.N.R.A.S.79, 1919, 531-539 ; 80,1920, 617-619 ,793-808. A. E. Douglass, 
Clumatic Cycles and Tree Growth, Carnegie Institution Publ. No. 289, 1919, pp. 127. 
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